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Assisted reproductive techniques  (ART) have become the treatment of choice in many cases of 
infertility; however the current success rates for these procedures remain suboptimal 1. 
Programmed cell death (apoptosis) is a mode of cellular death based on a genetic mechanism 
that induces a series of cellular, morphological and biochemical alterations leading the cell to 
suicide 2. There is likelihood that some sperm selected for ART will display features of apoptosis 
despite their normal appearance, which may be partially responsible for the low blastocyst 
development rates, pregnancy rates and recurrent pregnancy loss seen with ART 3-5. The 
negative effects of sperm apoptosis, specifically DNA fragmentation appear at the time of 
activation of the paternal genome 6. 
Various sperm preparation techniques are currently used as main components of ART 
procedures 7. These techniques appear to deliver comparable results and have a common 
objective, which is the selection of a sufficient number of viable motile sperm capable of 
fertilizing the oocyte(s) 8. Current routine sperm preparation techniques depend on a 
sedimentation or migration approach to separate spermatozoa based on their motility or density. 
These preparation techniques are directly dependant on routine sperm parameters, mainly 
motility and morphology. Nevertheless, molecular events such as sperm apoptosis are 
overlooked along the course of routine ART, which may negatively impact the final outcomes. 
Numerous reports link the presence of apoptosis markers in human sperm with the failure of in-
vivo and in-vitro fertilization 4,5,9-11. One of the early specific apoptotic events reported in human 
spermatozoa is the externalization of the phospholipid phosphatidylserine (PS) from its normal 
location in the inner leaflet of the sperm plasma membrane to the outer surface 12,13. On the 
other hand, sperm DNA fragmentation is a late apoptotic feature that has been identified in 
ejaculated spermatozoa 14-18. The development of new protocols for sperm selection based on 
the presence of these markers and apoptosis -like manifestations should be considered to 
improve ART success rates. 
 
II. Apoptosis in Human Spermatozoa 
II.a. Apoptosis phenotype 
The inclusion of non-apoptotic spermatozoa is one of the pre-requisites for achieving successful 
fertilization. Although apoptosis is an on-going physiological phenomenon that maintains the 
number of germ cells within the supportive capacity of the Sertoli cells 19, deregulated apoptosis 
has been associated with the presence of abnormal spermatozoa in semen in terms of counts, 
motility and morphology  20-22. As opposed to somatic and testicular germ cells, the significance 
of apoptosis phenotype in ejaculated spermatozoa remains controversial 23. Although ejaculated 
spermatozoa display several apoptosis -like characteristics as in somatic cells, such apoptosis -
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related features may not indicate the presence of apoptosis death functions 17. The failure to 
eliminate these abnormal spermatozoa during spermatogenesis --also termed as “abortive 
apoptosis”--may be the reason for their presence in semen 20,21. 
 
II.b. Externalization of phosphatidylserine 
In spermatozoa with an intact plasma membrane, the phospholipid PS is located on the inner 
leaflet of the plasma membrane only. PS has a high and selective affinity for annexin V, a 35-36 
kD phospholipid binding protein 24. Annexin V cannot pass through an intact plasma membrane; 
therefore, annexin V binding to spermatozoa characterizes a disturbed integrity of the 
membrane. The binding is due to translocation of PS from the inner to the outer leaflet of 
plasma membrane resulting in externalization of PS (EPS) on the external surface 25. This 
translocation of PS is one of the earliest detectable features of cells undergoing the terminal 
steps of apoptosis 12,26. EPS negatively correlates with the sperm motility 27. Reduced integrity 
of spermatozoal membrane is more frequently seen in spermatozoa from infertile men, and this 
reduced integrity contributes to childlessness despite normal routine sperm parameters 28,29. 
 
II.c. Mitochondrial dysfunction 
In humans, spermatozoal mitochondria are susceptible to apoptotic stimuli due to their 
compartmentalization within the midpiece region 30. Intact mitochondrial membrane potential 
(MMP) is determined to be essential for the spermatozoal motility 31. The disruption of MMP is 
considered a key marker for the apoptosis signaling cascade and is noted in human 
spermatozoa following cryopreservation and thawing 32. A strong correlation could be found 
between MMP and levels of DNA fragmentation in human spermatozoa 33. In support of the 
implication of apoptosis in male infertility, EPS, mitochondrial dysfunction, and nuclear DNA 
damage were detected in significantly higher levels in infertile men and those with varicoceles 
11,34,35. 
 
II.d. Caspase activation 
Caspases are a family of cysteine proteases that have a documented role in apoptosis. 
Individual family members are referred to in order of their publication, therefore, interleukin-1b-
converting enzyme (ICE), the first family member acquired the name caspase-1 (CP-1). 
Caspases were implicated in apoptosis with the discovery that cell death abnormal-3 (CED-3) is 
related to mammalian ICE or CP-1 36,37. Samples from infertile patients are characterized by 
high numbers of cells with activated caspases, especially in cytoplasmic residues, with a strong 
correlation to EPS 38. The presence of precursors and activated forms of  CP-8 and CP-9 in 
conjunction with CP-3 in human spermatozoa has also been confirmed 39. 
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Caspase activation is believed to be a well-defined point of no return for apoptosis progression, 
and a number of apoptotic events downstream of caspase activation have been characterized 
among which DNA fragmentation stands as a relatively late apoptotic event 40. Evidence 
supports that within the cellular component of the testicular tissue, caspases play a central role 
in the apoptotic process that leads to DNA fragmentation of Sertoli cells 41. Activated CP-3 
induces activation of caspase-activated deoxyribonuclease (CAD; also called DNA 
fragmentation factor-40 or caspase-activated nuclease), which is integrally involved in degrading 
DNA. Therefore, CP-3 executes the final disassembly of the cell by generating DNA strand 
breaks 42.  
Caspase mediated apoptosis was reported in sperm in response to cryopreservation and 
exposure to Chlamydia trachomatis 43,44. Sperm DNA fragmentation was found to be prevalent 
in fractions of sperm with positive immunostaining for CP-3, suggesting a relation between them 
18. Further, a significant positive correlation was seen between CP-3 in the sperm midpiece and 
DNA fragmentation in low motility semen specimens, suggesting that caspase-dependent 
apoptotic mechanisms could originate in the cytoplasmic droplet or within mitochondria and 
function in the nucleus 45, Figure 1. In addition, increased CP-3 activity seems to be correlated 
with low sperm morphology and motility 46.  
 
 
Figure 1. Apoptosis cascade in human spermatozoa. Early, PS is translocated from the inner to 
the outer leaflet of the plasma membrane. Initiator caspases (CP-8 and CP-9) activate effector 




III. Pathogenesis of Sperm DNA Damage  
III.a. Origin of sperm DNA damage 
Environmental stress, gene mutations and chromosomal abnormalities can disturb the highly 
refined biochemical events that occur during spermatogenesis. This can ultimately lead to an 
abnormal chromatin structure that is incompatible with fertility 47. Sperm nuclear chromatin 
abnormalities/DNA damage could occur at the time of, or be the result of, DNA packing at 
spermiogenesis 48. Or, alternatively, it could be the result of free-radical induced damage 49 or a 
consequence of apoptosis 14. However, the exact mechanism(s) by which chromatin 
abnormalities/DNA damage arises in human spermatozoa is not precisely understood. 
 
III.b. Oxidative stress  
In recent years, researchers have become more concerned about the generation of reactive 
oxygen species (ROS) in the male reproductive tract because at high levels, ROS is potentially 
toxic to sperm quality and function 50. Many reports have indicated that high levels of ROS are 
detected in semen samples of 25% to 40% of infertile men 51. Although the mechanism(s) by 
which human spermatozoa generate ROS remain to be clarified, there appears to be a 
significant role for the enzymen ß - nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase 52. The cytoplasmic enzyme glucose-6-phosphate dehydrogenase (G6PD) controls the 
rate of glucose flux and intracellular availability of NADPH through the hexose monophosphate 
shunt. This in turn is used as a source of electrons by spermatozoa to fuel the generation of 
ROS via NADPH oxidase 53. 
Two factors protect the sperm DNA from oxidative insult: the characteristic tight packaging of 
the DNA and the antioxidants present in seminal plasma 54. However, oxidative stress may 
develop as a result of an imbalance between ROS generation and scavenging activities 55. In 
general, deoxyribonucleic acid bases and phosphodiester backbones are very susceptible to 
peroxidation. In addition, spermatozoa are particularly susceptible to OS-induced damage 
because their plasma membranes contain large quantities of polyunsaturated fatty acids and 
their cytoplasm contains low concentrations of scavenging enzymes 56.  
Strong evidence suggests that high levels of ROS mediate the occurrence of high frequencies 
of single- and double-strand DNA breaks commonly observed in the spermatozoa of infertile 
men 57-59. Studies in which the sperm was exposed to artificially produced ROS resulted in a 
significant increase in DNA damage in the form of modification of all bases, production of base-
free sites, deletions, frame shifts, DNA cross-links and chromosomal re-arrangements 60-62. 
Furthermore, ROS play an important role in mediating apoptosis by inducing cytochrome c and 
caspases 9 and 3, which in turn results in a high frequency of single and double stranded DNA 
strand breaks 63.  
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III.c. Sperm morphological attributes 
Teratozoospermia occurs as a result of defective spermatogenesis and is characterized by an 
abundance of spermatozoa carrying surplus residual cytoplasm. The retention of residual 
cytoplasm promotes spermatozoa to generate endogenous ROS via mechanisms that may be 
mediated by the cytosolic enzyme G6PD 64. Therefore, patients presenting with 
teratozoospermia are at greater risk of developing pathogenic levels of ROS, and subsequently 
apoptosis and sperm DNA damage (Figure 2). 
In general, ROS production is highest in immature spermatozoa from males with abnormal 
semen parameters and appears to be associated with high levels of DNA damage 65. However, 
immature spermatozoa with cytoplasmic retention are not the only abnormal male germ cells 
that are associated with high levels of DNA damage and ROS production. Spermatozoa with 
abnormal head morphology, midpiece defects and tail defects also display the same 
characteristics. Production of ROS positively correlates with the sperm deformity index (SDI), 
which is calculated by dividing the total number of deformities observed by the number of sperm 
evaluated 66. Similarly, spermatozoa with large nuclear vacuoles were shown to present with 
higher levels of DNA fragmentation 67. 
 
Figure 2. Mechanism for the link between oxidative stress and sperm DNA damage. Immature 
spermatozoa characterized with cytoplasmic droplets have deranged redox metabolic activity 
and greater ability to produce ROS. In turn, oxidative stress leads to damage of the sperm DNA 
damage. (From: Agarwal and Said. BJU International, 2005, 95, 503-507) 
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IV. Magnetic Cell Separation: Principles and Techniques 
Techniques for cell isolation play a major role in a variety of biological and biomedical 
applications including disease management. Magnetic cell separation offers the advantages of 
simplicity of operation, low cost and specificity and sensitivity afforded by use of immunospecific 
reagents. The outstanding examples of the magnetic cell separation application include the 
isolation of rare progenitor cells from the human umbilical cord blood and the use of mobilized 
peripheral blood as a substitute for bone marrow transplantation in patients that underwent 
irradiation and chemotherapy 68,69.  
Typically, magnetic cell separation employs the use of magnetic particles conjugated to proteins 
or antibodies to tag cells of interest. To label and to separate cells, many types of magnetic 
microbeads and nanobeads have been developed. The addition of iron oxide compounds to 
polystyrene spheres or to a sugar based skeleton is a typical approach to bead production 70.  
An early type of magnetic separator was developed for use in combination with micrometer-
sized Dynabead magnetic particles (Invitrogen, Carlsbad, CA) 71. Dynabeads were the first 
magnetic particles used for clinical cell separation applications, in particular, bone marrow 
purging of gliomas prior to transplantation 72. Due to their relatively large size (from 1 mm to 4.5 
mm or ) the preferred applications of Dynabeads is negative cell selection, where the cells 
targeted by the magnetic label are discarded, and only the unlabeled cells are used 73.  
Multiple additional techniques were also introduced as solutions for isolation of a desired cell 
from a heterogeneous mixture of cells. These techniques include magnetic cell capture from 
suspensions directly in the field of view of a microscope 74 and a specialized system based on 
bioferrofluids, that is, submicron magnetic particles conjugated to targeting antibodies 
(Invitrogen, Carlsbad, CA) 75,76. Recently, the FDA approved the use of CellSearchTM system for 
monitoring metastatic breast cancer (Veridex LLC, Warren, NJ). 
In comparison to micrometer-sized magnetic particles, the use of colloidal magnetic particles as 
labeling reagents offers advantages in forming stable suspensions and fast reaction kinetics, 
similar to immunofluorescence labels. The small size of the particles, in the range of tens to a 
hundred nanometers, comes with the cost of low magnetic moment, requiring high magnetic 
fields and gradients, and therefore the use of specialized, magnetic affinity-type columns, 
typically obtained by soft steel alloy inserts inside the cell suspension container (Figure 3). This 
concept has been implemented in a particularly successful design, the Magnetic Activated Cell 
Sorting (MACS) Microbeads and Columns™, developed and commercialized by Miltenyi Biotec 
GmbH, Bergisch Gladbach, Germany 77.  
As the colloidal magnetic particles are extremely small (<100 nm), the use of a high-gradient 
magnetic field is required to retain the labeled cells, approaching 1 tesla (1 tesla = 10,000 
gauss) and the local gradients of up to 1,000 tesla per meter 78,79. The MiniMACS™ column 
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(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) is specifically designed to generate this 
strong magnetic field while maintaining optimal cell viability and function. By using a MACS 
column with a biocompatible coating of ferromagnetic solid support placed in a powerful 
magnet, the magnetic force is sufficient to retain the target cells labeled with minimum 
microbeads 80. MACS microbeads are used to magnetically label the target cell population. 
They are not visible with light microscopy, biodegradable, and gentle on cells 77. The column 
schematic is shown in Figure 3.  
 
 
Figure 3: Schematic diagram of MiniMACS™ magnetic cell separation column. A) The solid 
support consists of closely packed, sub -millimeter spheres made of soft steel alloy. An external 
magnetic field magnetizes the solid support, which attracts magnetically labeled cells from a 
mixture applied to the column. B) A thin slice across the solid support shows interstitial spaces 
available for flow of the cell mixture. C) The un-labeled cells flow freely through the column, 
while the magnetically labeled cells are retained inside the column and could be recovered by 
removal of the column from the magnetic field, followed by elution. (From: Said et al. J Androl, 
2008, 29, 134-142).  
 
V. Role of Magnetic Cell Separation in Male Reproduction 
Paramagnetic microbeads coupled with the use of specific antibodies can effectively separate 
cells. Therefore, the successful application of MACS relies mainly on the selection of specific 
antibody and an appropriate labeling strategy. Based on the antibody used, there are multiple 
applications for the MACS technology in the field of male reproduction. Initially, magnetic beads 
were used to select and characterize acrosome-reacted sperm as well as to evaluate its ability 
to penetrate zona-free hamster oocytes 81,82.  However, since the acrosome reaction of the 
A                                                      B                                      C 
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fertilizing spermatozoon must be exactly synchronized with its penetration through the egg 
vestments 83, the selection of an already acrosome-reacted sperm would be of little value in the 
context of in-vitro human fertilization.  
MACS combined with anti-CD45 microbeads has been used repeatedly with great success to 
eliminate leukocytes from the seminal fluid 84,85. MACS could be also used to isolate antibody-
labeled from antibody-free spermatozoa in males with autoimmune infertility. These patients 
could benefit from this protocol as it avoids potential damage to fragile sperm and does not 
seem to induce any modification of semen qualities. Subsequently, the concentration of sperm 
after MACS separation might be useful for insemination in infertile couples with autoimmune 
male infertility 86-88. 
MACS has been employed to facilitate the analysis of distinctive homogeneous spermatogenic 
cell populations by overcoming the heterogeneity of somatic and germ cells within the testicular 
tissue 89-91. Immunoglobulin G was applied against the c - kit receptor protein for the immuno-
magnetic isolation of spermatogonia. The use of the c-kit receptor as a marker for cell sorting of 
immature germ cells  is supported by multiple studies that document its presence on the outer 
membrane of spermatogonia 92-94.  
In a recent study, MACS did not eliminate all tumor cells from murine testicular cell suspensions 
95. EL-4 tumor cells were labeled using R - phycoerythrin (PE) conjugated rat anti-CD49f 
monoclonal antibody. Following MACS with anti-PE microbeads, the number of spermatogonial 
stem cells (CD49f+) increased significantly from 3.94% to 40.46%, while the number of EL-4 
cells decreased from 10.35% to 3.54%. However, spermatogenesis was observed in only a 
limited number of testes that received purified cell suspensions transplantation and malignancy 
developed in one out of 20 mice. The lack of absolute MACS efficiency in this study may be 
attributed to the non-specificity of the antibodies used. Similarly, MACS did not prove to be an 
effective sex selection method for the isolation of Y-bearing sperm since the H-Y antigen used 
as a surface marker is considerably expressed among X-chromosome-bearing sperm as well 96. 
Annexin V which has high affinity for PS but lacks the ability to pass through an intact sperm 
membrane could be used as a marker in conjunction with MACS to label apoptotic cells 28. 
Indeed, paramagnetic microbeads conjugated with annexin V has been used effectively to label 
spermatozoa with externalized PS 97. MACS separation of a sperm population yields 2 fractions: 






Aims and Contents of the Thesis 
Despite recent advances in ART such as assisted hatching and preimplantation genetic 
screening, the current pregnancy and live-birth rates remain to be improved in order to alleviate 
the socio-economic burden of failed cycles. The increase in ART applications associated with 
suboptimal success rates has mandated the development of an ideal sperm preparation 
technique that could be used in these applications. While the role of spermatozoa in ART failure 
has been overlooked, strong evidence suggests that proper sperm selection will result in 
improved success rates. As an example, sperm with excessive nuclear histones are prone to 
premature chromosomal condensation, which has been identified as one of the prevalent 
causes of fertilization failure in ART 99. Recent review of literature describes that DNA damage 
in the male germline is associated with poor fertilization rates following in vitro fertilization, 
defective preimplantation embryonic development, and high rates of miscarriage and morbidity 
in the offspring, including childhood cancer 100. Sperm aneuploidies have been also suggested 
to have an impact on the outcome of intracytoplasmic sperm injection 101. 
 
In this thesis, our aims were to: 1) examine the role of sperm morphological attributes, 
specifically cytoplasmic retention droplets in the occurrence of ROS-mediated DNA damage; 2) 
test the hypothesis of using the magnetic cell separation technology as a sperm preparation 
method; 3) examine the extent of improvement in sperm parameters following MACS 
application; and 4) identify the protocol limitations and which ART procedures would benefit the 
most from its application.   
 
Immature, morphologically abnormal spermatozoa are sometimes characterized by the 
presence of cytoplasmic droplets in the midpiece, which are rich in G6PD, which increases the 
intracellular availability of NADPH and subsequently acts to increase ROS production. In 
Chapter 2, we investigate the impact of sperm cytoplasmic droplets on DNA damage and 
examine the role played by NADPH and ROS in mediating such damage. In Chapter 3, we 
further elucidate the relationship between sperm morphology and ROS-mediated DNA damage 
by employing the SDI, a quantitative index that encompasses all abnormalities in sperm 
morphological attributes. 
 
The hypothesis of using MACS with annexin V microbeads as a sperm preparation technique is 
based on its ability to remove apoptotic sperm; nevertheless there are other components in the 
ejaculate such as leukocytes, debris, plasma, etc. that should be removed as well. Therefore, 
there is a need to complement MACS with other routine sperm preparation techniques. In 
Chapter 4, we have optimized MACS by examining its combination with either double density 
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gradient centrifugation or by one-step sperm wash. We also examined the quality of 
spermatozoa selected using the combined approach in terms of motility, viability and apoptosis 
markers. In Chapter 5, we characterized the morphology of spermatozoa selected using our 
MACS protocol. Detailed morphological evaluations are provided in the form of SDI scores, 
percentages of sperm with acrosomal defects, midpiece defects, cytoplasmic droplet and tail 
defects. The data generated should allow us to evaluate the advantages of integrating MACS as 
a part of sperm preparation protocols. 
 
Our novel suggested protocol for sperm preparation is a 2 step procedure that combines a 
routine sperm preparation technique with MACS. Subjecting semen samples to multiple 
manipulations could result in substantial sperm loss, which may prevent the resulting sample 
from being successfully used during the course of ART. Therefore in Chapter 6, we have 
undertaken the evaluation of the extent of cell loss and sperm recovery rates following the 
procedure. 
 
Despite recent methodological advances, the detrimental effects of cryopreservation on human 
spermatozoa are still markedly noted. Apoptosis plays a role in the decrease of sperm quality 
after cryopreservation as evidenced by the impairment of the membrane integrity, including the 
externalization of PS. In Chapter 7, we assessed the effects of integrating MACS in 
cryopreservation–thawing protocols on sperm motility and cryosurvival rates. 
 
Chapter 8 is dedicated to evaluating the fertilization potential of non-apoptotic sperm separated 
by MACS. We used animal models to assess if MACS could be of benefit in identifying a sperm 
population of higher fertilization potential that can be used to enhance ART outcomes. In our 
research, we used the zona-free hamster penetration assay and the sperm chromatin 
decondensation assay following hamster oocyte intracytoplasmic injection. These assays serve 
as models for in-vitro fertilization and intracytoplasmic sperm injection, respectively. In addition, 
we evaluated the extent of DNA fragmentation in MACS separated spermatozoa and its 
correlation with fertilization potential. Collectively, these findings should enable us to identify 
which ART procedure would benefit the most from MACS application. 
 
In order to substantiate the impact of apoptosis on failed fertilization, the relationship between 
the sperm’s ability to penetrate oocyte and the expression of apoptosis markers was 
investigated in Chapter 9. Samples with low sperm penetration capacity were compared with 
those with high sperm penetration capacity in terms of EPS, disrupted MMP and activated CP-3. 
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Objective: It is not yet clear whether abnormal sperm morphology plays any role in oxidative 
stress (OS) induced sperm DNA damage. As immature sperm contain high b-nicotinamide 
adenine dinucleotide phosphate (NADPH) in cytoplasmic droplets, our aim was to investigate 
the role of NADPH-induced DNA damage of human spermatozoa. 
Design: Prospective – controlled study. 
Setting: Male infertility clinic, Glickman Urological Institute, Cleveland Clinic Foundation, 
Cleveland, Ohio. 
Patients: Twenty-eight men undergoing infertility screening. 
Intervention(s): Chemiluminescence assay and TUNEL assay-coupled flow cytometry after 
incubating mature and immature sperm separated by density gradient with 5 mM NADPH for 0, 
3 and 24 hours. 
Main Outcome Measure(s): ROS generation (106 counted photons per minute/106 sperm) and 
percentage of spermatozoa with fragmented DNA. 
Results: Immature sperm from teratozoospermic semen samples were characterized by 
significant presence of cytoplasmic residues in the mid-piece when compared to mature 
normozoospermic samples. Increased ROS production was observed in spermatozoa rich in 
cytoplasmic residues that showed significant positive correlation with sperm DNA damage in a 
time dependent manner. 
Conclusions: Our data support the role of NAPDH in ROS-mediated sperm DNA damage and 
suggest that abnormal sperm morphology combined with an elevated ROS production may 
serve as a useful indicator of potential damage to sperm DNA. 
 
Key words: Immature spermatozoa with cytoplasmic droplets, sperm DNA damage, NADPH, 
oxidative stress, teratozoospermia. 
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INTRODUCTION 
Mammalian spermatozoa generate a variety of reactive oxygen species (ROS), which when 
present in limited concentrations are thought to play an important physiological role during 
sperm capacitation (1-4). However, oxidative stress (OS) occurs if the generation of ROS by 
human spermatozoa overwhelms their limited antioxidant defenses leading to a wide range of 
pathologies that may affect the fertilizing ability and the genomic integrity of the spermatozoa (5, 
6).  
The ability of human spermatozoa to produce ROS inversely correlates with their maturational 
stage (7, 8). Since sperm maturation involves the remodeling of membrane  components and a 
decrease in the docosahexaenoic acid during the process of spermiogenesis (9), failure of 
these changes to occur, would result in immature spermatozoa that exhibit cytoplasmic 
retentions rich in glucose-6-phosphate dehydrogenase (G6PD) enzyme (10-13). G6PD controls 
the rate of glucose flux and intracellular availability of NADPH through the hexose 
monophosphate shunt. This in turn is used as a source of electrons by spermatozoa to fuel the 
generation of ROS via a putative NADPH oxidase located in the sperm plasma membrane (12-
14). 
The primary product of the immature spermatozoa free radical generating system appears to be 
the superoxide anion (O2·-), which secondarily dismutates to H2O2 through the catalytic action 
of superoxide dismutase (SOD) (15, 16). The ability to generate O2·- is linked to the presence of 
NADPH oxidase-like activity (7, 13, 14, 17, 18). The addition of the substrate NADPH to human 
spermatozoa has been shown to result in a dose dependent induction of ROS. However, since 
NADPH is highly membrane impermeable, higher concentrations in the millimolar range 
(superphysiological) are needed to raise its intracellular concentration to the point where 
significant ROS induction is triggered (14, 19).  
Substantial evidence exists from a number of observational and interventional studies that OS 
stands as a major causative factor behind increased levels of sperm DNA damage (19-23). 
Although the characteristic tight packaging of the sperm DNA may offer some protection against 
oxidative insult (24), spermatozoa are particularly susceptible to OS-induced damage as their 
plasma membranes contain large quantities of polyunsaturated fatty acids and their cytoplasm 
contains low concentrations of scavenging enzymes (25). In addition, deoxyribonucleic acid 
bases and phosphodiester backbones are susceptible to peroxidation (26), thus affecting sperm 
genomic integrity that may impair in vivo (27, 28) and in vitro (29-32) fecundity. 
The sperm quality and its fertilizing ability correlate well with its DNA integrity (33-35). In men 
with teratozoospermia, the control of spermiogenesis is less efficient than that observed under 
normal conditions, resulting in the release of significantly higher numbers of immature 
spermatozoa with ‘cytoplasmic retention’. This may lead to increased ROS production as 
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characterized by prevalence of DNA damage (8, 9). Although oxidative DNA damage resulting 
in strand breaks has been previously reported in human spermatozoa, the pathogenesis behind 
its occurrence and relationship to teratozoospermic samples is unknown.  
The objective of our study was to investigate the impact of abnormal sperm morphology (i.e., 
sperm with cytoplasmic residues ) on ROS production induced by exogenous NADPH and its 
correlation with sperm DNA damage.   
 
MATERIALS AND METHODS 
Subject selection 
The study was approved by the Institutional Review Board of the Cleveland Clinic Foundation. 
Semen samples were collected from men (n = 28) undergoing infertility screening. To ensure 
the presence of sufficient spermatozoa for all our planned evaluations, samples with a sperm 
concentration < 20 X 106/mL and < 2.0 mL volume were excluded from our study.  
 
Semen collection and assessment  
Semen specimens were collected by masturbation after 48 to 72 hours of abstinence.  After 
liquefaction at 37°C for 20 minutes, 5 mL of each specimen was loaded on a 20 micron Microcell 
chamber (Conception Technologies, San Diego, CA) and analyzed for sperm concentration and 
motility. For morphological evaluations, seminal smears were stained with Giemsa stain (Diff-
Quik, Baxter Scientific Products, McGaw Park, IL) and 200 spermatozoa per slide were 
assessed by a single person (TMS) according to World Health Organization (WHO) guidelines. 
Presence of cytoplasmic residues in the mid-piece was confirmed if it was greater than one third 
of sperm head area (36) (Figure 1). All specimens were examined for white blood cell (WBCs) 
contamination by using myeloperoxidase (Endtz) staining (37). Semen samples containing > 1 
X 106 WBCs/mL were excluded to avoid potential non-sperm atozoa ROS generation. 
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Figure 1. Spermatozoa stained with Giemsa stain (X 160). Arrow points to cytoplasmic 
retention in the mid-piece. 
 
Sample preparation and induction of ROS by exogenous NADPH 
Samples were categorized according to the percentage of morphologically normal spermatozoa 
into 2 separate groups. Samples with ³ 30% normal forms (n = 13) were considered 
normozoospermic, while samples with < 30% normal forms; (n = 15) were classified as 
teratozoospermic (36). In order to separate spermatozoa into predominantly mature and 
predominantly immature populations, the liquefied semen was loaded onto a 47% and 90% 
discontinuous ISolate gradient (Irvine Scientific, Santa Ana, CA) and centrifuged at 500g for 20 
minutes (8). The resulting interface between the 47% and 90% layers (immature spermatozoa) 
and the 90% pellet (mature spermatozoa) were aspirated, and transferred to separate test 
tubes. 
The pellets from both fractions were re-suspended in Biggers, Whitten-Whittingham media 
(BWW, Irvine Scientific, Santa Ana, CA) and the assessment of the sperm parameters including 
morphology was repeated. Both fractions were further subdivided into 3 aliquots and each 
aliquot was incubated with 5mM NADPH (Sigma, St Louis, MO) for 0, 3 and 24 hours 
respectively at 37°C and 5% CO2. Each aliquot had its corresponding control without NADPH. 
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this dose of NADPH was selected based upon our preliminary dose response study and also 
recent published reports (14, 19). 
 
Measurement of ROS 
ROS levels in all fractions were measured in 400 µL aliquots containing > 2 million sperm/mL 
using 4 µL of 25 mM lucigenin (bis -N-methylacridnium nitrate, Sigma, St Louis, MO) at final 
concentration of 0.25 mM. Negative controls were prepared by adding equal volume of lucigenin 
to 400 µL of PBS. ROS levels were determined by chemiluminescence assay using a 
luminometer (model: LKB 953, Berthold Technologies, Bad-Wilbad, Germany) for 15 min, and 
expressed as X 106 counted photons per minute (cpm) per 20 million sperm. 
 
Evaluation of DNA fragmentation 
Sperm DNA strand breaks were evaluated using a flow cytometric terminal deoxynucleotidyl 
transferase-mediated fluorescein-dUTP nick end labeling (TUNEL) assay kit (Apo-DirectTM, BD 
Biosciences, Mississauga, ON) as established earlier (38). Briefly, spermatozoa were washed 
twice in PBS, re-suspended in 1% paraformaldehyde at a concentration of 1-2 X 106 sperm/mL 
and placed on ice for 30-60 min. These spermatozoa were again washed and re-suspended in 
70% ice-cold ethanol by centrifugation at 300 g for 5 minutes as per the kit instructions. The 
ethanol supernatant was removed and the cell pellets were washed twice in wash buffer and re-
suspended in 50 mL of the staining solution for 60 min at 37°C. The staining solution contained 
terminal deoxytransferase (TdT) enzyme, TdT reaction buffer; fluorescein tagged deoxyuridine 
triphosphate nucleotides (FITC-dUTP) and distilled water. All cells were further washed using 
rinse buffer, resuspended in 0.5 mL of propidium iodide (PI)/RNase solution and incubated for 
30 minutes in the dark at room temperature.  
Data acquisition was performed within 3 hours on a flow cytometer equipped with 488 nm argon 
laser as a light source (Becton Dickinson FACScan, San Jose, CA). A minimum of 10,000 
spermatozoa were examined for each assay at a flow rate of < 100 cells/second. FITC (log 
green fluorescence) was measured on FL1 channel (Y-axis) and the PI (linear red fluorescence) 




Normozoospermic and teratozoospermic groups were compared using Mann Whitney test. 
Within-group differences between samples and controls were assessed using the Wilcoxon 
matched-pairs test. To evaluate the occurrence of statistically significant change over time in 
the various fractions, repeated measures ANOVA (Friedman test) was used. Correlation 
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between variables was assessed using non-parametric Spearman’s (r). Summary statistics are 
presented as median and interquartiles (25th and 75th percentile). All hypothesis testing was 2-




Table 1 demonstrates sperm parameters in various fractions. Significantly lower percentages of 
morphologically normal spermatozoa were detected in teratozoospermic samples. The 
difference was evident in neat samples as well as in the mature and immature sperm fractions 
(P = 0.02; P = 0.001; P = 0.02, respectively). In all the tested samples, immature sperm 
fractions had higher percentage of spermatozoa characterized with cytoplasmic residues in the 
mid-piece compared to the neat samples before separation [5.5 (3, 9) vs. 3 (2, 8); P = 0.03] and 
mature sperm fractions after separation [5.5 (3, 9) vs. 2 (1, 3.75); P = 0.008] (Figure 1). 
Teratozoospermic samples were characterized by the presence of higher percentage of 
cytoplasmic residues compared to normozoospermic samples in neat samples, mature and 
immature sperm fractions (P = 0.008; P = 0.01; P = 0.01, respectively).  
 
ROS measurements 
All the samples containing immature spermatozoa, which were incubated with NADPH, had 
higher ROS values compared to controls (no NADPH) after 3 hours [1.12 (0.75, 2.67) vs. 0.32 
(0.19, 0.89), P = 0.008] and 24 hours [3.74 (1.77, 5.96) vs. 1.85 (1.39, 2.72); P = 0.001] 
respectively. In teratozoospermic samples, the increase in ROS levels occurred immediately (at 
0 hour) in the immature fractions regardless of NADPH exposure. The levels of ROS measured 
after 3 hours of incubation was significantly higher than at 0 hour in samples exposed to 
NADPH (P < 0.01) as well as in controls (P < 0.05). In normozoospermic samples, immature 
spermatozoa also showed higher ROS levels after 24 hours compared to 0 hour in samples with 
(P < 0.001) or without (P = 0.01) NADPH. The only mature spermatozoal fraction to reveal 
higher ROS levels after 24 hours (P < 0.01) was the one separated from teratozoospermic 
samples and treated with exogenous NADPH (Figure 2). ROS levels measured in the immature 
fraction following 3 hours of incubation with NADPH correlated positively with the percentage of 
DNA damaged spermatozoa (r = 0.47, P = 0.01). After 24 hours the positive correlation was 
also seen in the immature spermatozoa not exposed to NADPH (r = 0.55, P = 0.002) and the 
mature fraction incubated with NADPH (r = 0.37, P = 0.04), while no correlation was observed 
at 0 hour. ROS levels measured in immature fractions also correlated positively with the 
















































































































































































































































































































































































































































































































































































































































ROS-induced sperm DNA damage and teratozoopsermia 
 33 
 
Figure 2. Analysis of the impact of incubation on the levels of ROS measured in (A) 
normozoospermic and (B) teratozoospermic samples. All ROS values represent the median and 
interquartile ranges (25%, 75% percentiles). P < 0.05 considered significant compared to 0 hour 
value using non-parametric repeated measures ANOVA. 
 
DNA strand breaks 
Mature and immature spermatozoa treated with exogenous NADPH in both groups exhibited 
higher frequency of DNA strand breaks compared to controls following 24 hours of incubation. 
On the other hand, higher levels of DNA damage were detected much earlier (at 3 hours) in the 
immature spermatozoa originating from the teratozoospermic group and treated with NADPH 
(Table 2). Within NADPH treated samples, DNA damage was more pronounced in immature 
fractions rather than the mature fractions in the normozoospermic group after 24 hours (P = 
0.008) and in the teratozoospermic group after 3 hours  (P = 0.08) and 24 hours (P = 0.03). 
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However, within the controls, DNA damage in immature fractions was more pronounced than 
mature fractions in the teratozoospermic group after 24 hours (P = 0.009). 
In general, teratozoospermic samples contained higher percentages of spermatozoa with DNA 
damage compared to normozoospermic samples. The difference was significant in immature 
sperm fractions at 0 hour regardless of exogenous NADPH exposure. However, in the mature 
fractions, it was only detected following 24 hours incubation with NADPH. A high variation was 
seen in all fractions in the percentage of spermatozoa evaluated for TUNEL. 
Teratozoospermic samples show higher levels of DNA strand breaks after 24 hours of 
incubation with NADPH when compared to levels obtained at 0 and 3 hours in the immature 
sperm fractions (P < 0.001; P < 0.01, respectively) and the mature sperm fractions (P < 0.01; P 
< 0.05, respectively) (Figure 3). In controls (not exposed to NADPH), the immature sperm 
fraction also revealed similar findings (P < 0.01; P < 0.05, respectively), while no significant 
change in levels of DNA damage was observed in the mature sperm fraction after 24 hours 
compared to their corresponding values obtained at 0 or 3 hours.  
In normozoospermic samples a significant change following 24 hours of incubation was seen 
only in immature spermatozoa incubated with NADPH (P < 0.001; P < 0.01, respectively) 
(Figure 4). The percentage of spermatozoa exhibiting cytoplasmic residues seen in the 
immature fractions correlated positively with percentage of spermatozoa with DNA strand 
breaks (r = 0.55, P = 0.002).  
 
Figure 3. Frequency distribution histograms of TUNEL positive immature spermatozoa obtained 
from teratozoospermic semen samples and incubated for 0, 3, and 24 hours with NADPH. The 
percentage of spermatozoa with DNA strand breaks increases after 24 hour as represented by 
the white histogram. 




Figure 4. Effect of NADPH treatment on progression of DNA damage in (A) teratozoospermic 
and (B) normozoospermic semen samples. Mature and immature sperm from both groups were 
incubated up to 24 hours in absence (control) and presence of 5mM NADPH (sample) and DNA 
damage evaluated as described in Methods. Asterisk * denotes comparison between 0 and 24 































































































16 (10.4, 40) 0.004 
 
Table 2: Comparison of the percentage of DNA damage in mature and immature spermatozoa 
of normozoospermic and teratozoospermic semen samples incubated in absence or presence 
of NADPH (5mM) for various time intervals. Results are expressed as median (25th, 75th 
percentiles). *P< 0.05 considered significant by Wilcoxon matched pairs test comparing mature 
fraction samples to controls. †P< 0.05 considered significant by Wilcoxon matched pairs test 
comparing immature fraction samples to controls.  
 
DISCUSSION 
Teratozoospermic semen samples are characterized by a higher content of morphologically 
abnormal and immature spermatozoa that retain cytoplasmic residues in the mid-piece. Such 
immature spermatozoa can be separated by double-density gradient procedures, (8, 9, 39, 40). 
The enzyme G6PD that is excessively present in sperm residual cytoplasm generates NADPH, 
which in turn stimulates ROS production (7, 10-12, 14, 19). ROS levels are expected to rise at a 
faster pace and in greater intensity in such sperm samples in the presence of cytoplasmic 
residues . We observed that ROS generating potential of NADPH is greatly enhanced in 
immature spermatozoa (Figure 2), which may be attributed to the abundance of G6PD-rich 
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cytoplasmic residues. NADPH may also have increased ROS production by increasing the 
permeability of the sperm plasma membrane. 
Although the role of NADPH in causing oxidative insult to the sperm DNA has been reported 
(13, 19-21), it is not clear why spermatozoa isolated from samples with high prevalence of 
morphologically abnormal forms have higher incidence of DNA strand breaks as observed in 
this study. Such immature spermatozoa appear to be more capable of ROS production and 
more susceptible to oxidative DNA damage. These specific features were not encountered in 
mature spermatozoa (41-43). Therefore, role of putative NADPH oxidase in human 
spermatozoa remains controversial.  
In our study, elevated ROS levels always precede significant fragmentation of the sperm DNA. 
These events may be attributed to the presence of increased NADPH oxidase activity 
presumably present in immature spermatozoa. Using our current model of ROS induction, it 
was clearly evident that exogenous addition of high amount of NADPH causes early DNA strand 
breaks in immature spermatozoa. Also, it affects the DNA integrity of mature spermatozoa in 
samples characterized by teratozoospermia although to a lesser degree in comparison to 
immature fractions (Figure 4). Thus, the presence of higher DNA damage in immature sperm 
fractions that exhibit higher rate of cytoplasmic residues may be attributed to high endogenous 
NADPH oxidase activity. This hypothesis may be further tested in the future by studying the 
effects of ROS scavengers such as superoxide dismutase and catalase in our ROS-DNA 
model. 
In the present experiment we used exogenous NADPH in a super-physiological concentration 
(5mM) as a model for intracellular ROS production by spermatozoa. In published reports, the 
concentration of NADPH used to induce ROS varies widely (500mM – 50mM) (7, 13, 14, 19, 20, 
44). The choice of optimum 5mM concentration was based on results of our pilot study, in which 
samples were exposed to various doses of NADPH. Significant changes were detected in basal 
O2·- levels and those following incubation with 5 mM NADPH [-26.3 (-52.7, -6.5); P = 0.001].  
Similarly, levels of O2·- were higher than the basal values when the sperm were incubated with 
10 mM NADPH, [-22.4 (-53.5, -8.8); P = 0.002]. Therefore, it appears that higher concentrations 
of NADPH do not significantly increase the amount of ROS produced by the spermatozoa. A 
limitation in our study was the lack of multiple assessments between 3 and 24 hours. The 
number of incubations had to be limited by the number of spermatozoa available to conduct all 
relevant assays. Another limiting factor was the sample size. We did not encounter many 
teratozoospermic cases (46%).  
The duration of incubation in vitro appears to play a major role in triggering sperm DNA 
damage. Under physiological conditions a protective antioxidant environment exist in the 
epididymis, which is the main storage site for spermatozoa (45). Spermatozoa stored outside 
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the epididymis are more likely to possess DNA and chromatin abnormalities (46). The 
prolonged incubation of isolated mature spermatozoa per se up to 24 hours does not seem to 
affect their DNA integrity, while the incubation of immature spermatozoa leads to significant 
deleterious consequences due to oxidative stress.  
Excessive ROS production by immature, morphologically abnormal spermatozoa with 
cytoplasmic residues such as those encountered in teratozoospermic samples may induce 
oxidative damage of mature spermatozoa during sperm migration from the seminiferous tubules 
to the epididymis and may be an important cause of male infertility (6). This may also explain 
why prolonged storage of heterogonous sperm populations in the reproductive tract diminishes 
their fertilization capacity. This has important clinical implications in the preparation and use of 
mature spermatozoa in assisted reproductive techniques. 
In conclusion, we emphasize that morphologically abnormal and immature spermatozoa appear 
to be more susceptible to NADPH induced oxidative damage to ejaculated spermatozoa in a 
time dependent manner. Therefore, if prolonged incubation is mandated during the course of 
ART, care should be taken to isolate mature spermatozoa as purely as possible to avoid any 
contamination with ROS producing immature spermatozoa.  In addition, a careful assessment of 
sperm morphology and an evaluation of increased ROS production may indicate extent of 
potential damage to sperm DNA integrity and serve as an index of poor sperm function. 
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Aim: Sperm deformity index (SDI) is a novel quantitative expression of sperm morphology. The 
objective of our study was to investigate the impact of abnormal sperm morphology using SDI 
on reactive oxygen species (ROS) production and its correlation with sperm DNA damage.   
Materials and Methods: Semen samples were collected from men undergoing infertility 
screening (n = 7) and healthy donors (n = 6). Mature spermatozoa were isolated and incubated 
with 5 mM NADPH up to 24 hours to induce ROS. Sperm morphology was evaluated using 
strict Tygerberg’s criteria and the SDI. ROS levels and DNA damage were assessed using 
chemiluminescence and TUNEL assays respectively.  
Results: SDI values [median (interquartiles)] were higher in patients compared to donors [2 
(1.8, 2.1) vs. 1.53 (1.52, 1.58), P = 0.008]. Aliquots treated with NADPH showed higher ROS 
levels [1.22 (0.3, 1.87) vs. 0.39 (0.1, 0.57), P = 0.03)] and higher incidence of DNA damage 
than those not treated [10 (4.69, 24.85) vs. 3.85 (2.58, 5.1), P = 0.008]. Higher DNA damage 
was also seen following 24 hour incubation in patients compared to donors. SDI correlated with 
the percentage increase in sperm DNA damage following incubation for 24 hours in samples 
treated with NADPH (r = 0.7, P = 0.008) and controls (r = 0.58, P = 0.04). 
Conclusions: SDI may be a useful tool in identifying potential infertile males with abnormal 
prevalence of OS-induced DNA damage. NAPDH plays a role in ROS-mediated sperm DNA 
damage, which appears to be more evident in infertile patients with semen samples containing 
high incidence of morphologically abnormal spermatozoa. 
 
Key words: NADPH; oxidative stress; sperm deformity index; sperm DNA damage. 
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INTRODUCTION 
Semen analysis including sperm morphology remains the main pillar for male infertility work-up. 
However, different methodologies for sperm morphology assessment have remained 
controversial for lack of a universally acceptable method. One drawback of attempts to classify 
sperm into morphological subgroups as proposed by WHO [1] is that each individual sperm is 
classified only once but may have several deformities. Tygerberg’s strict criteria has been 
proposed to correlate with IVF outcome results [2]. However, it may not serve as the best 
discriminator between normal and functionally impaired samples due to lack of a cut-off point for 
normal values. In a report by Menkveld et al. [3], the average percentage of normal forms in 
fertile population was 6.5%, while in subfertile population it was 3%. On the other hand, 
successful oocyte fertilization and pregnancies have been reported in couples with 0% normal 
sperm morphology [4]. 
The sperm deformity index (SDI) is a novel expression of sperm morphological assessment by 
the strict Tygerberg’s criteria for normal sperm morphology that was reported to correlate with 
fertilization rates [5]. SDI is a useful predictor in the identification of fertile and infertile semen, 
and is more reliable than the multiple anomalies index, which involves the assessment of only 
abnormal sperm [6, 7]. The fertilizing potential of the semen sample may be compromised at 
sperm deformity index > 1.6 despite the presence of normal forms [5]. 
In defective spermiogenesis, there is failure of the remodeling of sperm  membrane components, 
which results in morphologically abnormal spermatozoa that exhibit cytoplasmic residues [8]. 
The enzyme glucose-6-phosphate dehydrogenase (G6PD) is excessively present in sperm 
residual cytoplasm and generates b-nicotinamide adenine dinucleotide phosphate (NADPH). In 
turn, NADPH is used as a source of electrons by spermatozoa to fuel the generation of reactive 
oxygen species (ROS) production [9-14].  
A significant positive correlation was observed between sperm ROS production and the 
proportion of sperm with abnormal morphology characterized by high SDI scores [15]. High 
levels of ROS lead to oxidative stress (OS), which is one of the leading causes for sperm DNA 
damage [14, 16-19]. Despite the protective tight packaging of the sperm DNA [20], 
deoxyribonucleic acid bases and phosphodiester backbones are susceptible to peroxidation 
[21]. Moreover, spermatozoa are particularly susceptible to OS due to their limited antioxidant 
defenses and the presence of large quantities of polyunsaturated fatty acids in their plasma 
membranes [22].  
The prevalence of spermatozoa with fragmented DNA is considered among the most common 
causes for male infertility that may pass undetected [19]. The correlation between sperm 
morphology and DNA integrity remains controversial [23, 24]. The objective of our study was to 
investigate the impact of abnormal sperm morphology using SDI on NADPH-mediated ROS 
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production and its correlation with sperm DNA damage. The results of this study may provide a 
predictor for the presence of OS-mediated sperm DNA damage where laborartory facilities for 
direct assessment are not available. 
 
MATERIALS AND METHODS 
Subject selection 
The study was approved by the Institutional Review Board of the Cleveland Clinic Foundation. 
Semen samples were collected from men undergoing infertility screening (n = 7) and healthy 
donors (n = 6). Samples with a sperm concentration < 20 X 106/mL and < 2.0 mL volume were 
excluded from our study to ensure the presence of sufficient spermatozoa for all our planned 
evaluations.  
 
Semen collection and evaluation 
Semen specimens were collected by masturbation after 48 to 72 hours of abstinence.  After 
liquefaction at 37°C for 20 minutes, 5 mL of each specimen was loaded on a 20 micron Microcell 
chamber (Conception Technologies, San Diego, CA) and analyzed for sperm concentration and 
motility. All specimens were examined for white blood cell (WBCs) contamination by using 
myeloperoxidase (Endtz) staining [25]. Semen samples containing > 1 X 106 WBCs/mL were 
excluded to avoid ROS generation from potentially non-spermatozoal cells. 
 
Assessment of sperm morphology 
For morphological evaluations, seminal smears were stained with Giemsa stain (Diff-Quik, 
Baxter Scientific Products, McGaw Park, IL). Slides were coded (Andrology Laboratories, 
Cleveland Clinic Foundation) and evaluated by the investigator (N. Aziz, Liverpool Womens 
Hospital, UK). A total of 100 spermatozoa were scored per slide using bright field illumination 
and an oil immersion objective with a total magnification of X 2000. At least ten high-power 
fields selected at random from different areas of the slide were examined. A calibrated 
micrometer on the eyepiece of the light microscope was used to measure sperm dimensions.  
All slides were assessed using a morphological classification based on applying the strict 
Tygerberg’s criteria for normal sperm morphology [26]. Sperm was considered normal when the 
head had a smooth oval shape with a well-defined acrosome covering 40% to 70% of its apical 
part. The head length was required to be 3 to 5 mm and width 2 to 3 mm. In addition, the 
midpiece was required to be axially attached to the sperm head, smooth in outline, 1 mm in 
width and approximately 1.5 times the head length. Any cytoplasmic droplet present in contact 
with the head base or exceeding half the head area was considered abnormal. The tail also was 
required to be uniform, slightly thinner than the midpiece, uncoiled, free from kinks, and 
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approximately 45 mm in length. The morphologically abnormal sperms were classified into 
subgroups that included pyriform, tapered, large-headed, small-headed, acrosomal defects, 
amorphous, cytoplasmic droplet > 0.5 the head size, midpiece defects, tail anomalies, and 
double sperms (double head or tail in any combination).  
A multiple entry scoring technique was adopted in which an abnormal sperm was classified 
more than once if more than one deformity was observed. The SDI was calculated by dividing 
the total number of deformities observed by the number of sperm randomly selected and 
evaluated, irres pective of their morphological normality [5]. Therefore, the ratio of the number of 
deformed sperm to the number of deformities in each sperm should not affect the final results of 
the SDI. Borderline forms were considered abnormal and included: 1) Spermatozoa with slightly 
elongated head with loss of its oval shape; 2) Those with rounded heads and intact acrosome; 
3) Those with normal heads and a thickened midpiece. Quality control of sperm morphology 
assessment revealed no significant difference in repeated estimation different sperm 
morphological forms.  
 
Sample preparation and induction of ROS by exogenous NADPH 
In order to separate predominantly mature spermatozoa, the liquefied semen was loaded onto a 
47% and 90% discontinuous ISolate gradient (Irvine Scientific, Santa Ana, CA) and centrifuged 
at 500g for 20 minutes. The resulting 90% pellet (mature spermatozoa) was aspirated, re-
suspended in Biggers, Whitten-Whittingham media (BWW, Irvine Scientific, Santa Ana, CA) and 
the assessment of the sperm parameters including morphology was repeated. The mature 
sperm suspension was further subdivided into 2 aliquots and each aliquot was incubated with 
5mM NADPH (Sigma, St Louis, MO) for 0 and 24 hours respectively at 37°C and 5% CO2. Each 
aliquot had its corresponding control without NADPH.  
 
Measurement of ROS 
ROS levels in all fractions were measured in 400 µL aliquots containing > 2 million sperm/mL 
using 4 µL of 25 mM lucigenin (bis -N-methylacridnium nitrate, Sigma, St Louis, MO) at final 
concentration of 0.25 mM. Negative controls were prepared by adding equal volume of lucigenin 
to 400µL of PBS. ROS levels were determined by chemiluminescence assay using a 
luminometer (model: LKB 953, Berthold Technologies, Bad-Wilbad, Germany) for 15 min, and 
expressed as X 106 counted photons per minute (cpm) per 20 million sperm. 
 
Evaluation of DNA fragmentation 
Sperm DNA strand breaks were evaluated using a flow cytometric terminal deoxynucleotidyl 
transferase-mediated fluorescein-dUTP nick end labeling (TUNEL) assay kit (Apo-DirectTM, BD 
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Biosciences, Mississauga, ON) as established earlier [27]. Briefly, spermatozoa were washed 
twice in Dulbecco’s phosphate buffered saline (PBS), re-suspended in 1% paraformaldehyde at 
a concentration of 1-2 X 106 sperm/mL and placed on ice for 30-60 min. These spermatozoa 
were again washed and re-suspended in 70% ice-cold ethanol by centrifugation at 300 g for 5 
minutes as per the kit instructions. The ethanol supernatant was removed and the cell pellets 
were washed twice in wash buffer and re-suspended in 50 mL of the staining solution for 60 min 
at 37°C. The staining solution contained terminal deoxytransferase (TdT) enzyme, TdT reaction 
buffer; fluorescein tagged deoxyuridine triphosphate nucleotides (FITC-dUTP) and distilled 
water. All cells were further washed using rinse buffer, resuspended in 0.5 mL of propidium 
iodide (PI)/RNase solution and incubated for 30 minutes in the dark at room temperature.  
Data acquisition was performed within 3 hours on a flow cytometer equipped with 488 nm argon 
laser as a light source (Becton Dickinson FACScan, San Jose, CA). A minimum of 10,000 
spermatozoa were examined for each assay at a flow rate of < 100 cells/second. FITC (log 
green fluorescence) was measured on FL1 channel (Y-axis) and the PI (linear red fluorescence) 




Patient and donor groups were compared using Mann Whitney test. Within-group differences 
between samples and controls were assessed using the Wilcoxon matched-pairs test. 
Correlation between variables was assessed using non-parametric Spearman’s (r). Sample size 
was sufficient to detect significant difference between groups. Summary statistics are presented 
as median and interquartiles (25th and 75th percentile). All hypothesis testing was 2-tailed, with a 
significance level of 0.05. 
 
RESULTS 
In the neat semen samples, sperm count, motility and morphology were comparable in both 
patient and donor groups. The median and interquartile values (25%, 75% percentiles) of sperm 
count, motility, percentage sperm with normal morphology, prevalence of cytoplasmic droplets 
and SDI scores in mature spermatozoa isolated by double density centrifugation are illustrated 
in Table 1. In this isolated fraction, patients had higher SDI scores compared to donors (P = 
0.008). Patients also had higher number of cytoplasmic residues compared to donors (P = 
0.004) while the median percentages of sperm with normal morphology applying the strict 
Tygerberg’s criteria showed no significant difference in both groups. Only one sample in the 
donor group (n = 6) had SDI >1.6, while 6 samples in the patient group (n = 7) had SDI>1.6. 
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The increase in ROS levels following incubation was calculated as the difference between 24 
hours and 0 hour values. The median increase in ROS levels was significantly higher in aliquots 
exposed to NADPH compared to the unexposed aliquots [1.22 (0.3, 1.87) vs. 0.39 (0.1, 0.57), P 
= 0.03). However, ROS levels were comparable between patient and donor groups before and 
after 24 incubation regardless of NAPDH exposure. 
Similarly, the increase in DNA damage levels following incubation was calculated as the 
difference between 24 hours and 0 hour values. Aliquots treated with NADPH (from patients 
and donors) showed significantly higher incidence of increased DNA damage than those not 
treated [10 (4.69, 24.85) vs. 3.85 (2.58, 5.1), P = 0.008]. The increase in DNA damage seen 
after 24 hours following incubation was significantly higher in patients compared with donors in 
aliquots exposed to NADPH [16.56 (11.29, 40) vs. 4.4 (3.92, 5.25), P = 0.007] and in controls 
aliquots not exposed to NADPH [5.1 (3.87, 7.74) vs. 1.79 (2.87, 3.36), P = 0.03] (Figure 1). 
Samples with SDI score >1.6 had higher increase in DNA damaged sperm compared to those 
with SDI score <1.6 [9.76 (4.19, 16.16) vs. 3.98 (3.02, 5.09), P = 0.04]. SDI scores correlated 
with the percentage increase in sperm DNA damage following incubation for 24 hours in 
samples exposed to NADPH (r = 0.7, P = 0.008) as well as controls not exposed to NADPH (r = 
0.58, P = 0.04). Other sperm parameters assessed pre- and post-double density centrifugation 
(sperm count, motility, percentage sperm with normal morphology and percentage sperm with 




(n = 7) 
Donors 
(n = 6) 
P-value* 
Sperm count (X106) 
 
27.2 (12.6, 27.6) 29.88 (22.54, 37.22) 0.45 
Motility (%) 
 
85 (54.5, 85.5) 92.5 (91.75, 93.25) 0.23 
Strict morphology (%)  
 
5 (1.5, 9) 8.5 (3, 12.5) 0.44 
Cytoplasmic droplets (%)  
 
4 (3, 4.5) 1 (0.25, 1.38) 0.004 
SDI 2 (1.8, 2.1) 1.53 (1.52, 1.58) 0.008 
 
Table 1. Summary of sperm characteristics in mature spermatozoa isolated by double density 
gradient centrifugation. SDI = sperm deformity index. Results are expressed as median and 
interquartile values (25thand 75th percentiles); *P<0.05 considered significant comparing patient 




Figure 1. Increase in sperm DNA damage in samples (treated with NADPH) and controls 
(without NADPH) following incubation for 24 hours in patients undergoing infertility screening 
and donors. Values represent median and interquartile (25%, 75% percentiles). * P<0.05 
considered significant comparing patient to donor groups using Mann Whitney test. 
 
DISCUSSION 
The absolute values of SDI scores reflect the interplay between the proportion of sperm with 
normal morphology and the proportion with one or more deformities  as seen in a fixed stained 
semen smear. We have detected higher SDI scores in a heterogeneous group of males 
undergoing infertility screening compared to donors. On the other hand, we found that the 
percentages of sperm with normal morphology applying the strict Tygerberg’s criteria were 
comparable in both groups. Therefore, this slight aberration from normal may be the reason for 
infertility. In addition, it reflects that the SDI may be capable of distinguishing semen samples 
with potentially impaired fertility.  
Samples with SDI higher than 1.6 were previously described to have decreased fertilizing 
potential [5]. This observation is in agreement with our current results, in which almost all 
patients undergoing infertility screening (6/7) had SDI>1.6 despite the presence of equivocal 
sperm concentration and motility. 
Exposure of spermatozoa to exogenous NADPH has been shown to result in a dose dependent 
increase in ROS. However, high concentrations of NADPH are required to increase its 
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intracellular concentration for significant ROS induction since the substrate is membrane 
impermeable [12-14, 16, 28]. Based on results of our pilot study, we have selected to use 
exogenous NADPH in a concentration of 5 mM as a model for increased ROS production by 
spermatozoa. Using this model, we were able to detect increase in ROS levels with a 
simultaneous increase in sperm DNA fragmentation following exogenous addition of NADPH. 
Patients undergoing infertility screening had a significantly higher increase in sperm DNA 
damage compared to healthy donors. Significantly higher SDI scores and sperm with 
cytoplasmic residues were also noted in these patients. Therefore, we hypothesize that 
morphologically impaired spermatozoa that retain cytoplasmic residues  may be more 
susceptible for DNA damage. High levels of ROS appear to mediate such damage. Increased 
ROS production may be attributed to NADPH, which is mediated by G6PD abundant in 
cytoplasmic residues. Our results are in agreement with a previously published report that 
documents the presence of impaired DNA integrity in semen samples with abnormal sperm 
parameters in absence of leukocytospermia [29]. 
The presence of increased DNA damage following prolonged incubation in the absence of 
exogenous NADPH in patients undergoing infertility screening further supports our hypothesis 
that morphologically impaired spermatozoa are susceptible for DNA damage. These samples 
had increased SDI and cytoplasmic residues, which may have lead to increased ROS 
production. Spermatozoa incubated in plain culture media have revealed spontaneous capacity 
to generate ROS and DNA fragmentation [30, 31]. In men with teratozoospermia, 
spermiogenesis is impaired resulting in deformed spermatozoa with residual cytoplasm, which 
may lead to increased ROS production and DNA damage [8, 32]. 
In our previous study, we demonstrated that sperm ROS production was positively correlated 
with the percentage of sperm with amorphous heads, acrosomal damage, cytoplasmic droplets, 
midpiece, and tail defects as well as the SDI scores [15]. Our present results also establish for 
the first time a potential correlation between the SDI scores and sperm DNA damage. However, 
our results showed no correlation between sperm DNA integrity and percentage normal sperm 
morphology, sperm concentration and sperm motility as reported previously [33, 34]. The 
difference in the assays used for evaluation in addition to the difference in the study population 
and the relatively larger number included in these studies may explain the discrepancy. 
In the last decade, the focus on the sperm genomic integrity has been further intensified by the 
frustrating low success rates of assisted reproductive techniques (ART) as well as the concern 
of transmission of genetic diseases through these techniques [35]. Children who are born after 
intracytoplasmic sperm injection (ICSI) have an increased risk of a major congenital 
malformation compared with those born after spontaneous conception [36]. The transmission of 
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defective paternal DNA may increase the incidence of genomic imprinting errors leading to 
increased incidence of birth defects [37, 38]. 
Unfortunately, the heterogeneity of sperm populations usually complicates proper quality 
assessment and the ability to predict the fertilization potential. There are multiple assays that 
may be used for the evaluation of the sperm chromatin status. The choice of which assay to be 
performed depends on many factors such as the expense, the available laboratory facilities, and 
the presence of experienced technicians. The establishment of a cut-off point between normal 
levels in the average fertile population and the minimal levels of sperm DNA integrity required 
for achieving pregnancy still remains to be investigated. Such an average range or value is still 
lacking for most of these assays except for the sperm chromatin structure assay (SCSA) [39]. 
The correlation between the morphological pattern of spermatozoa and its DNA integrity in 
ejaculate may be an alternate strategy. However, this only allows the probability analysis of the 
fertility potential of a particular semen sample and relies on strict reproducible techniques of 
assessing sperm morphology. Since the increase in DNA damage was more marked in samples 
with SDI>1.6, our preliminary findings suggest that samples with high SDI scores may be more 
prone to present with prevalent DNA fragmented sperm. However, our study may be limited by 
its sample size and our findings still require further validation. 
In conclusion, our preliminary results suggest that SDI may be a useful tool to detect the 
prevalence of sperm DNA damage and to identify potential infertile men. Infertile patients with 
semen samples containing high proportion of sperm morphological abnormalities specifically 
cytoplasmic droplets may be more susceptible to develop ROS-mediated sperm DNA damage. 
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The selection of vital, non-apoptotic spermatozoa is a prerequisite for achieving optimal 
conception rates in assisted reproductive techniques. Magnetic cell sorting using annexin-V 
microbeads can effectively separate apoptotic and non-apoptotic spermatozoa. The objective of 
our study was to optimize the integration of magnetic cell sorting in standard sperm preparation 
and to correlate the effect of different sperm preparation procedures on apoptotic markers. 
Semen specimens collected from 15 healthy donors were prepared by either density gradient 
centrifugation or by one-step sperm wash technique separately and in combination with 
magnetic cell sorting. The preparation methods were evaluated by assessment of semen 
parameters (motility, viability, and morphology) as well as markers of apoptosis (levels of active 
caspase-3, integrity of membrane mitochondrial potential and externalization of 
phosphatidylserine). The apoptotic markers were measured using fluorochrome dyes coupled 
with flow cytometry. Our results showed that the combination of density gradient centrifugation 
and annexin-V magnetic cell sorting was superior to all other sperm preparation methods in 
terms of providing motile, viable and non-apoptotic spermatozoa. The results of our study 
clearly indicate the advantage of integrating magnetic cell sorting as a part of sperm 
preparation, which in turn may positively affect the success rates of assisted reproductive 
techniques. 
 
Key words: annexin; caspase; magnetic-activated cell sorting; mitochondrial membrane 
potential; phosphatidylserine; sperm preparation. 
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INTRODUCTION 
Assisted reproductive techniques (ART) have become the treatment of choice in many cases of 
male and female infertility; however, the current success rates of these procedures remain 
suboptimal (ASRM, 2004). The quality of sperm samples is one of the factors determining 
successful assisted reproduction (Ombelet et al., 2003). A variety of sperm preparation 
techniques are available to select motile spermatozoa that are capable of fertilizing the female 
oocyte (Henkel et al., 2003). The technique of double density gradient centrifugation has great 
potential in sperm preparation for ART (Chen et al., 1999) whereas the one-step washing 
technique is considered a good alternative for processing certain compromised samples 
(Srisombut et al., 1998). 
The quality of spermatozoa separated by various preparation techniques can be evaluated by 
conventional semen analysis, determining sperm concentration, motility, viability and 
morphology using light microscopy. Although the conventional analysis gives considerable 
information, it does not assess the presence of deregulated programmed cell death (apoptosis ) 
in spermatozoa, which may be partially responsible for the low fertilization and implantation 
rates seen with ART.  
The role of deregulated apoptosis has been well characterized in a variety of somatic diseases 
but remains poorly defined in the pathogenesis of male infertility (Oehninger et al., 2003). 
Ejaculated human spermatozoa have been shown to display characteristics  that are typical of 
apoptosis such as caspase activation, decreased mitochondrial membrane potential (MMP) and 
plasma membrane translocation of phosphatidylserine (PS) (Glander et al., 1999, Paasch  et al., 
2003, Paasch et al., 2004b, Weng et al., 2002). 
Colloidal super-paramagnetic microbeads (~50 nm in diameter) conjugated with annexin-V may 
be used to separate dead and apoptotic spermatozoa by magnetic-activated cell sorting 
(MACS). Cells with externalized PS and deteriorated plasma membranes will bind to these 
microbeads. When placed into a column containing iron balls and passed through a strong 
magnetic field, those cells remain in the separation column. On the other hand, non-apoptotic 
cells with intact membranes remain unlabelled and pass freely through the column (Grunewald 
et al., 2001, Miltenyi et al., 1990, Paasch  et al., 2004a, Paasch et al., 2003). 
MACS separation according to the externalization of PS results in the extraction of apoptotic 
sperm and those with damaged membranes. Therefore, the selection of non-apoptotic 
spermatozoa may be used to enhance sperm quality following preparation techniques and 
subsequently achieve optimal conception rates in ART. The objective of our study was to 
evaluate and optimize the integration of MACS in sperm preparation protocols and to correlate 
the effect of different sperm preparation techniques on the following apoptotic markers: 
caspase-3, MMP and externalization of PS. 
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MATERIALS AND METHODS 
Sample preparation 
This study was approved by the Institution Review Board of the Cleveland Clinic Foundation. 
Semen samples were collected from 15 healthy donors. The liquefied semen samples were split 
into 2 equal portions. The first portion was prepared by double density gradient centrifugation 
(PureCeption®, SAGE BioPHARMA, Bedminster, NJ). In brief, samples were loaded onto a 
40% and 80% discontinuous gradient and centrifuged at 1600 rpm for 20 minutes at room 
temperature. The resulting 80% pellet representing the mature fraction was washed by 
centrifugation for additional 7 minutes and re-suspended in human tubal fluid media (HTF, Irvine 
Scientific, Santa Ana, CA). The sperm cell suspension was further divided into 2 separate 
fractions. The first was subjected to MACS, while the second remained unseparated to serve as 
a control. 
The second portion was prepared by one-step sperm washing and re-suspension in HTF media 
followed by MACS separation. Sperm motility was assessed manually whereas viability was 
assessed using eosin-nigrosin stain in all samples and controls at each step of the experiment 
according to the World Health Organization standard protocols (WHO, 1999). The sperm 
morphology was assessed by both WHO standard criteria and the strict Tygerberg’s (Kruger’s) 
criteria (Kruger et al., 1987) using Giemsa stain (Diff-Quik, Baxter Scientific Products, McGaw 
Park, IL). The different steps of our experiment design are illustrated in Figure 1. 
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Figure 1. Flow diagram of overall experimental design: liquefied semen samples were split into 
2 equal portions, the first portion was prepared by double density gradient centrifugation, while 
the second was prepared by one-step sperm washing. Magnetic-activated cell sorting (MACS) 
was performed for both portions. 
 
Isolation of spermatozoa with deteriorated membranes by MACS   
The sperm suspensions were passed through a magnetic field (MiniMACS; Miltenyi Biotec, 
Bergisch Gladbach, Germany), and the spermatozoa were classified as either annexin-positive 
or annexin-negative based on the binding of the microbeads to their outer surface (Paasch et 
al., 2003). 
Briefly, the washed spermatozoa were incubated with  100 µL annexin-V microbeads (Miltenyi 
Biotec, Bergisch Gladbach, Germany) at room temperature for 15 minutes, placed on top of the 
separation column containing iron balls, which was placed in a magnet. The apoptotic 
spermatozoa were retained in the separation column and labeled as annexin-positive whereas  
the spermatozoa with intact membranes passed through the column and were labeled as 
annexin-negative. The power of the magnetic field was measured as 0.5 tesla between the 
poles of the magnet and up to 1.5 tesla within the iron globes of the column. After the column 
was removed from the magnetic field, the retained fraction was  eluted using an annexin-binding 
buffer (Miltenyi et al., 1990). 
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Detection and evaluation of activated caspases  
Levels of activated caspases -3 were detected in viable spermatozoa using fluorescein labeled 
inhibitor of caspase (FLICA), which is cell permeable, non-cytotoxic and binds covalently to 
active caspase-3 (Ekert et al., 1999). The inhibitors were used with the appropriate controls 
according to the kit instructions provided by the manufacturers (Carboxyfluorescein FLICA, 
Immunochemistry Technologies, Bloomington, MN). 
A 150-fold stock solution of the inhibitor was prepared in dimethyl sulfoxide (DMSO) and was 
further diluted in phosphate buffered saline (PBS) to yield a 30-fold working solution. All test 
aliquots and controls (with 100 µL PBS) were incubated at 37° C for 1 hour with 10 µL of the 
working solution and subsequently washed with the rinse buffer.  
 
Detection of mitochondrial membrane potential  
A lipophilic cationic dye (5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolyl  carbocyanine 
chloride) was used to detect intact transmembrane potential of mitochondria in spermatozoa 
(ApoAlert Mitosensor Kit TM, Clontech, CA, USA). Spermatozoa with intact mitochondria excite 
an intense red fluorescence due to the formation of the dye  aggregates whereas the monomer 
dye fluoresces green in the presence of sperm with a disrupted mitochondrial membrane. 
Mitosensor was used according to the instructions of the manufacturer. Briefly, all aliquots  were 
incubated at 37°C for 20 min in 1 µg of the lipophilic cation diluted in 1 mL PBS. Negative 
controls were processed identically for each fraction except that the stain was replaced with 10 
µL PBS (Paasch et al., 2004b). 
 
Phosphatidylserine antibody 
Externalisation of phosphatidylserine was examined using a monoclonal mouse anti-human 
phosphatidylserine antibody, clone 1H6 (Upstate cell signalling solutions, Lake Placid, NY). 
Spermatozoa were incubated with the phosphatidylserine-antibody at a final concentration of 
0.5 µg/mL in PBSB (phosphate buffered saline containing 2% bovine serum albumin) for 20 
minutes on ice, followed by addition of 150 µL PBSB and centrifugation 1600 rpm for 5 minutes 
at 20°C. After discarding the supernatant each sperm pellet was incubated protected from light 
with 50 µL of secondary antibody (goat anti-mouse IgG [H+L], fluorescein conjugate, Upstate 
Cell Signalling Solutions, Lake Placid, NY) on ice for 20 minutes. A second washing step in 
PBSB (1600 rpm for 5 minutes at 20°C) was performed to remove excess antibody that was not 
bound to the spermatozoal surface. For assessment by flow cytometry, sperm pellets were 
diluted in 400 µL PBSB. 
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Flow cytometric analysis of activated caspases, MMP and EPS 
The extent of activated caspase-3, MMP and externalized PS were evaluated by flow cytometry 
analyses. All the fluorescence signals of labeled spermatozoa were analyzed by the flow 
cytometer FACScan (Becton Dickinson, San Jose, CA). A minimum of 10,000 spermatozoa was 
examined for each assay at a flow rate of <100 cells/sec. The sperm population was gated using 
90-degree and forward-angle  light scatter to exclude debris and aggregates. The excitation 
wavelength was 488 nm supplied by an argon laser at 15 mW. Green fluorescence (480–530 
nm) was measured in the FHL-1 channel and red fluorescence (580–630 nm) in the FHL-2 
channel. The percentage of positive cells and the mean fluorescence was  calculated on a 1023-




Each sperm parameter was submitted to a one-way analysis of variance with repeated 
measures. Linear contrasts were used to test the mean differences between treatment groups. 
Spearman’s correlation between sperm parameters were calculated and tested against zero. All 
tests were two-tailed, and significance is indicated by p<0.05. The statistical analysis was done 
using SAS v 9.0 (SAS Institute, Cary, NC, USA). 
 
RESULTS 
Effects of preparations on sperm parameters 
Prior to sample preparation, raw semen samples collected from donors exceeded the WHO 
criteria of normal sperm parameters (concentration: 49.75 ± 24.12 X 106/mL; motility: 52.39 ± 
13.27%; viability: 65.92 ± 6.73% and morphology: 32.83 ± 13.27%). The annexin-negative 
sperm fraction prepared by MACS following density gradient had the highest motility values, 
which were significantly higher than sperm prepared by density gradient only (p=0.02) and 
annexin-negative sperm prepared by MACS following one-step wash (p<0.0001). In addition, 
sperm prepared by density gradient only had significantly higher motility values when compared 
with annexin-negative sperm prepared by MACS following one-step wash (p<0.0001, Table 1). 
Sperm viability was also significantly higher in the annexin-negative sperm fraction prepared by 
MACS following density gradient compared to sperm prepared by density gradient only (p=0.01) 
and annexin-negative sperm prepared by MACS following one-step wash (p<0.0001). On the 
other hand, sperm viability was comparable in fractions prepared by density gradient only and 
annexin-negative sperm prepared by MACS following one-step wash (Table 1). The annexin-
positive fractions separated by MACS following density gradient or following one-step sperm 
wash had the lowest motility and viability values compared with annexin-negative spermatozoa 
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and density gradient preparations. No differences in sperm morphology were observed between 
any of the evaluated sperm fractions (Table 1). 
Sperm motility and viability values in fractions prepared by only one-step wash (55.08 ± 12.86 
and 66.66 ± 8.73 respectively) were significantly lower than those obtained in spermatozoa 
prepared by only density gradient (p=0.0002 and p=0.0001 respectively) and annexin-negative 
sperm fraction prepared by MACS following density gradient (p<0.0001 and p<0.0001 
respectively). On the other hand, these values were comparable to annexin-negative sperm 
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9.18 1, 3 
82.91 ± 
6.73 1, 3 
21.36 ± 8.91 8.38± 3.48 






19.59 1, 2 
71.58 ± 
11.78 2 
21.92 ± 8.73 7.75 ± 3.11 






9.65 1, 2, 3 
30.22 ± 
9.67 1, 2, 3 
20.71 ± 7.14 6.79 ± 2.81 





9.02 1, 2, 3 
22.67 ± 
11.64 1, 2, 3 
18.00 ± 6.93 5.42 ± 2.50 
 
Table 1. Descriptive statistics of routine sperm parameters assessed in all sperm  fractions. 
Annexin-negative spermatozoa were separated by MACS either following double density 
gradient centrifugation (DGC) or following one-step wash and re-suspension in human tubal 
fluid media (HTF). Results are expressed as mean ± standard error; superscripts 1, 2, 3 indicate 
significantly different when compared to: 1) aliquot 1, 2) aliquot 2 and 3) aliquot 3 (p<0.05 was 
considered significant using paired t-test). 
 Sperm preparation combined with magnetic cell separation 
 65 
Effects of preparations on apoptotic markers 
Annexin-negative spermatozoa separated by MACS following density gradient expressed the 
least amount of apoptosis markers. In this fraction, spermatozoa revealed significantly lower 
activation of caspase-3 compared to sperm prepared by density gradient only (p=0.003) and 
annexin-negative spermatozoa prepared by MACS following one-step wash (p=0.05). Similarly, 
annexin-negative fraction separated by MACS following density gradient had a higher 
percentage of spermatozoa with intact mitochondria than sperm prepared by density gradient 
only (p=0.05) and annexin-negative spermatozoa prepared by MACS following one-step wash 
(p=0.03, Table 2). 
The externalization of PS was significantly higher in the annexin-negative spermatozoa 
prepared by MACS following one-step wash compared to the annexin-negative spermatozoa 
prepared by MACS following density gradient (p=0.009) and spermatozoa prepared by density 
gradient only (p=0.004). Annexin-positive fractions separated by MACS following density 
gradient or following simple one-step wash had the highest expression of apoptotic markers 























4.56 ± 3.30 3 




6.79 ± 4.87 1 83.54 ± 
11.50 3 
4.56 ± 3.92 3 
 







75.15 ±  
7.82 2 
8.90 ± 5.65 1, 2 






20.87 1, 2, 3 
34.94 ± 
17.33 1, 2, 3 
44.00 ±  
26.86 1, 2, 3 





12.93 1, 2, 3 
31.82 ± 
12.62 1, 2, 3 
40.95 ±  
15.37 1, 2, 3 
 
Table 2. Descriptive statistics of apoptotic markers detected in all sperm fractions. Annexin-
negative spermatozoa were separated by MACS either following double density gradient 
centrifugation (DGC) or following one-step wash and re-suspension in human tubal fluid media 
(HTF). Caspase-3= percentage of sperm with activated caspase-3; MMP=percentage of sperm 
with intact mitochondria; PS=percentage of sperm with externalized phosphatidylserine. Results 
are expressed as mean ± standard error, superscripts 1, 2, 3 indicate significantly different 
when compared to: 1) aliquot 1, 2) aliquot 2 and 3) aliquot 3 (p<0.05 was considered significant 
using paired t-test). 
 
Correlations of apoptotic markers 
The percentage of spermatozoa exhibiting signs of apoptosis such as activated caspase-3 and 
PS expression had significant negative correlations with sperm motility and viability. 
Additionally, non-apoptotic spermatozoa with intact mitochondria had significant positive 
correlations with sperm motility and viability (Table 3). The sperm morphology did not seem to 
correlate significantly with any of the apoptotic markers. Only a slight correlation was detected 
between the percentage of sperm with intact mitochondria and the extent of phosphatidylserine 
externalization with the sperm morphology assessed by the Kruger’s criteria. 
The apoptotic markers evaluated in our experiment showed significant correlations with each 
other (Figure 2). The percentage of spermatozoa with activated caspase-3 negatively correlated 
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with the percentage of spermatozoa with intact mitochondria (r=-0.74, p<0.0001) and positively 
correlated with the percentage of spermatozoa with externalized phosphatidylserine (r=0.77, 
p<0.0001). Similarly, the percentage of spermatozoa with intact mitochondria negatively 
correlated with the percentage of spermatozoa with externalized phosphatidylserine (r=-0.72, 
p<0.0001).  
 
Sperm parameter Apoptotic marker Spearman’s 
r value 
p value 
Motility (% Motile) Caspase-3 -0.68 <0.0001 
 MMP 0.88 <0.0001 
 
 
PS -0.72 <0.0001 
Morphology  







 MMP 0.13 0.32 
 PS -0.20 0.11 
Morphology  







 MMP 0.28 0.037 
 
 
PS -0.34 0.005 
Viability (% Viable) Caspase-3 -0.74 <0.0001 
 MMP 0.86 <0.0001 
 PS -0.64 <0.0001 
 
Table 3. Correlation relationships between standard sperm parameters and apoptotic markers 
in all prepared samples; Caspase-3= percentage of sperm with activated caspase-3; 
MMP=percentage of sperm with intact mitochondrial membrane potential; PS=percentage of 






Figure 2. Correlations of apoptotic markers in various sperm preparations: percentage of sperm 
with activated caspase-3, percentage of sperm with intact mitochondrial membrane potential 
(MMP) and percentage of sperm with externalized phosphatidylserine. 
 
DISCUSSION 
Mitochondria are known to play a central role during the execution phase of apoptosis as a 
decrease in their membrane potential occurs and opening of mitochondrial pores leads to the 
subsequent release of pro-apoptotic factors (Ravagnan et al., 2002). In the cytoplasmic 
compartment, the pro-apoptotic factors —the caspases family (cysteine proteases)—are 
subsequently activated, leading to cellular degradation (Thornberry et al., 1998). 
Phosphatidylserine, which is normally sequestered in the plasma membrane inner leaflet, 
appears in the outer leaflet, where it triggers non-inflammatory phagocytic recognition of the 
apoptotic cell (Martin et al., 1995). Annexin-V has a high affinity for PS, and cannot pass 
through an intact sperm membrane. Therefore, annexin-V binding to spermatozoa denotes that 
the integrity of the membrane has been disturbed (Glander et al., 2002). 
Superparamagnetic microbeads can effectively separate cells. The beads may be used for 
immunomagnetic separation of membrane-intact and non-apoptotic spermatozoa (Glander et 
al., 2002, Paasch et al., 2003).  The superparamagnetic annexin V - conjugated microbeads 
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were previously reported to eliminate spermatozoa with externalized PS (apoptotic cells) and 
disintegrated plasma membranes from cryopreserved semen samples (Grunewald et al., 2001, 
Paasch et al., 2004a, Paasch et al., 2004b). 
In our study, we attempted to evaluate the effect of integrating MACS in sperm preparation 
protocols on sperm quality. MACS, when performed after density gradient centrifugation, 
resulted in the separation of a sperm population that displayed the highest quality, which was 
reflected by higher motility and viability values as well as lower expression of apoptotic markers. 
The results obtained were significantly different compared with the values detected in sperm 
prepared by density gradient only – a standard sperm preparation technique. This implies that 
the current standard protocols for sperm preparation can still be improved by technical additions 
such as MACS. 
We have previously reported that apoptotic markers are more evident in immature sperm, which 
is increased in annexin-positive fraction separated by MACS (Paasch et al., 2004b). In our 
current experiment we have only used the pellet resulting from double density gradient 
centrifugation for the processing of half of each semen sample. Although this approach 
eliminates the majority of immature spermatozoa, still some spermatozoa showing signs of 
immaturity could be included. The magnetic separation process was in our study however 
based on the externalization of phosphatidylserine to the outer layer of sperm membrane; which 
could be manifested in apoptotic as well as immature sperm. Therefore, our separation protocol 
(double density gradient followed by MACS) can effectively eliminate the presence poor quality 
spermatozoa (either apoptotic or immature). 
The one-step wash technique was the least effective method for sperm preparation in terms of 
motility and viability values. In addition, MACS following one-step wash did not make any 
significant contribution to the sperm quality. The annexin-negative (non-apoptotic) sperm 
separated by MACS following one-step wash had lower quality than those prepared by density 
gradient combined with MACS in all the assessed parameters and even compared to those 
prepared by density gradient only in terms of motility and PS externalization. Therefore, it 
appears that one-step wash is not an optimal option for sperm preparation regardless of the 
MACS integration. One limitation of our study is the lack of assessment of apoptotic markers in 
spermatozoa prepared by one-step wash only, which was due to the lack of a sufficient number 
of cells to conduct the assays. 
We were able to detect significant correlations between the presence of apoptotic markers such 
as caspase activation, mitochondrial membrane potential and externalization of PS and the 
sperm quality in terms of motility and viability values, which is consistent with reported findings 
(Liu et al., 2004, Marchetti et al., 2002, Pena et al., 2003, Shen et al., 2002, Weng et al., 2002). 
In addition, we also found that all 3 apoptotic markers correlated well with each other in 
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spermatozoa, which is also consistent with previous reports from our group (Paasch et al., 
2004a, Paasch et al., 2003) and those of other researchers (Marchetti et al., 2004). 
In the context of male reproduction, apoptosis controls the overproduction of male gametes. 
Animal studies have shown that apoptosis is a key regulator of spermatogenesis in normal and 
pathological conditions (Furuchi et al., 1996). A number of studies have documented the 
implication of deregulated apoptosis in the pathogenesis of male infertility (Oosterhuis  et al., 
2000, Sakkas  et al., 2003). Most important, there is a likelihood that some sperm selected for 
ART will display features of apoptosis despite their normal appearance, which may impact their 
fertilization potential (Lopes  et al., 1998, Sakkas  et al., 2004, Tesarik et al., 2004). 
Our results clearly indicate that integrating MACS as a part of sperm preparation techniques is 
advantageous and eliminates apoptotic sperm  in donor samples characterized by normal sperm 
parameters. The combination of density gradient centrifugation and MACS is superior to other 
sperm preparation methods in terms of providing motile, viable and non-apoptotic spermatozoa. 
The significance of our study lies in separating non-apoptotic sperm, which is expected to 
enhance the efficiency of ART. Future research should be directed towards the validation of 
these findings using samples from infertile male patients characterized by poor sperm quality. In 
addition, the fertilization potential of the non-apoptotic spermatozoa separated by MACS 
remains to be assessed. 
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Background: This study aimed to assess the relationship between apoptosis in human 
ejaculated spermatozoa, the sperm morphology and the novel sperm deformity index (SDI).  
Method: Semen specimens from 50 healthy donors were prepared by density gradient 
centrifugation followed by incubating the prepared sperm with paramagnetic annexin V-
conjugated microbeads and subjecting this to magnetic cell sorting (MACS). The procedure 
delivers 2 sperm fractions: annexin-negative (non-apoptotic) and annexin-positive (apoptotic).  
Activated caspase-3 levels and the integrity of the sperm mitochondrial membrane potential 
(MMP) were assessed as markers of apoptosis in the annexin-negative and positive aliquots 
following MACS. Sperm morphology and the SDI scores were assessed using the strict criteria. 
Results: Compared to the apoptotic sperm subpopulations the non-apoptotic sperm 
subpopulations had an improved sperm morphology profile as demonstrated by significantly 
higher proportions of sperm with normal morphology and significantly lower SDI scores and 
percentages of sperm with acrosomal defects, midpiece defects, cytoplasmic droplet and tail 
defects. There was a significant correlation between sperm morphology attributes studied and 
the expressed apoptotic markers - caspase-3 activation and MMP integrity.  
Conclusion: Non-apoptotic sperm subpopulation has morphologically superior quality sperm 
compared to apoptotic sperm as reflected by significantly lower SDI scores. The study results 
may support abortive apoptosis. 
 
Keywords: Apoptosis, human, morphology, sperm, sperm deformity index 
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INTRODUCTION 
Apoptosis is a mode of programmed cellular death based on a genetic mechanism that induces 
a series of cellular, morphological and biochemical alterations, leading the cell to suicide without 
eliciting an inflammatory response. Mature sperm cells have been reported to express distinct 
markers  of apoptosis -related cell damage (Sun  et al., 1997; Sakkas  et al., 1999 b; Barroso et al., 
2000; Gandini et al., 2000; Muratori et al., 2000; Oosterhuis  et al., 2000; Shen et al., 2002), 
although they lack transcriptional activity and have a very small amount of cytoplasm (Weil et 
al., 1998, Grunewald et al., 2005a). Externalization of phosphatidylserine (PS) to the sperm 
outer membrane leaflet is considered to mark terminal apoptosis. Activated caspase-3, loss of 
the integrity of the mitochondrial membrane potential (MMP) and DNA fragmentation are other 
markers of terminal apoptosis expressed by a varying proportions of ejaculated sperm  (Evenson 
et al., 2002; Paasch et al., 2004a,b). 
There is an established consensus on the implication of apoptosis in male infertility (Oosterhuis 
et al., 2000; Oehninger et al., 2003; Sakkas et al, 2003; Taylor et al., 2004), however, the exact 
mechanisms of its involvement remains to be elucidated (Agarwal & Said 2005). Relatively high 
rates of apoptosis have been reported in testicular biopsies from infertile men with different 
degrees of testicular insufficiency (Lin et al., 1997, Jurisicova et al., 1999). The proportions of 
apoptotic sperm is reported to be higher in ejaculated semen samples from infertile men 
compared to healthy men (Taylor et al., 2004). Moreover, sperm caspases become more 
activated in patients with infertility than in healthy donors during cryopreservation (Grunewald et 
al., 2005b). Nevertheless, it is not clear whether the apoptotic markers detected in spermatozoa 
are residues of an abortive apoptotic process started before ejaculation or whether they result 
from apoptosis initiated in the post-ejaculation period (Sakkas  et al., 1999a,b; Tesarik et al., 
2002; Lachaud et al., 2004).  
Semen analysis including the assessment of sperm concentration, motility and percentage 
normal forms remains the standard procedure for evaluating the fertility potential of semen 
samples. Several studies have explored the relationship between these parameters and 
apoptosis in ejaculated semen. A significant negative correlation between the proportion of 
apoptotic cells and sperm viability and motility in ejaculated semen has been reported 
(Marchetti et al., 2002; Shen et al., 2002; Weng et al., 2002; Pena et al., 2003; Liu et al., 2004; 
Taylor et al., 2004; Said et al., 2005b). On the other hand, the relationship between sperm 
morphology and apoptosis has not been well characterized. A significant negative relationship 
between the proportions of apoptotic sperm and the proportions of sperm with normal 
morphology in semen applying the Tygerberg’s strict criteria (Kruger et al., 1988) has been 
reported (Siddighi et al., 2004; Chen et al., 2006). However, it is also known that the percentage 
of sperm with normal morphology in sperm preparations by WHO criteria (WHO, 1999) showed 
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no significant correlation with caspase-3 activation, intact MMP or PS externalization (Said et 
al., 2005b). 
The sperm deformity index (SDI) score is a novel expression of the quality of sperm morphology 
which has been shown to be a more powerful predictor of male fertility and of in vitro fertilization 
outcome compared to the assessment of the proportion of sperm with normal morphology (Aziz 
et al., 1996). The objective of our study was to assess prospectively the relationship between 
apoptosis in human ejaculated spermatozoa, the sperm morphology and the SDI scores to chart 
the shift in sperm morphology profile in non-apoptotic and apoptotic sperm fractions. As a 
secondary outcome the sperm morphology assessment was utilized to evaluate any potential 
effect of magnetic forces used to isolate non- apoptotic and apoptotic sperm fractions on sperm 
structure as seen under the light microscopy.  
 
MATERIALS AND METHODS 
Experimental design 
This study was approved by the Institution Review Board of the Cleveland Clinic Foundation. 
Semen samples were obtained from healthy donors following a period of 3 – 5 days of sexual 
abstinence. Semen analysis was performed according to the World Health Organization 
guidelines (WHO, 1999). Samples with ³ 20 X 106 spermatozoa/mL and at least 50 % 
progressive sperm motility were selected for the study.  
The study design (Figure 1) included preparing semen samples by double density gradient 
centrifugation (PureCeption®, SAGE BioPharma, Bedminster, NJ). Samples were loaded onto a 
40 % and 80 % discontinuous gradient and centrifuged at 300 g for 20 minutes at room 
temperature (25 °C.). The resulting 80 % pellet was washed by centrifugation for additional 7 
minutes and re-suspended in human tubal fluid media (HTF, Irvine Scientific, Santa Ana, CA). 
One aliquot of the sperm suspension served as control, while the other aliquot was subjected to 
MACS. Activated caspase-3 levels and integrity of the MMP were assessed as markers of 
apoptosis in the annexin-negative and positive aliquots following MACS as well as in the control 
aliquot. 
 




Figure1. Flow chart depicting the study design. DGC=density gradient centrifugation; 
MACS=magnetic cell separation; CP-3 = active caspase-3; MMP = mitochondrial membrane 
potential; SDI = sperm deformity index . 
 
Isolation of spermatozoa with deteriorated membranes by MACS   
Spermatozoa were incubated with  annexin-conjugated microbeads (Miltenyi Biotec, Auburn, 
CA) for 15 minutes at room temperature. One hundred mL of microbeads was used for each 10 
million separated cells. The sperm/microbeads suspension was loaded in a separation column 
containing coated cell-friendly matrix containing iron balls , which was fitted in a magnet 
(MiniMACS; Miltenyi Biotec, Auburn, CA). The fraction composed of apoptotic spermatozoa was 
retained  in the separation column and labeled as annexin-positive, whereas  the fraction with 
intact membranes that was eluted through the column was labeled as annexin-negative. The 
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to 1.5 tesla within the iron globes of the column. After the column was removed from the 
magnetic field, the retained fraction was  eluted using annexin-binding buffer (Miltenyi Biotec, 
Auburn, CA). 
 
Detection of activated caspase-3  
Levels of activated caspase-3 were detected in spermatozoa using fluorescein labeled inhibitor 
of caspase (FLICA), which is cell permeable, non-cytotoxic and binds covalently to active 
caspase-3 (Ekert et al., 1999). The inhibitor was used with the appropriate controls according to 
the kit instructions provided by the manufacturer (Carboxyfluorescein FLICA, Immunochemistry 
Technologies, Bloomington, MN). A 150-fold stock solution of the inhibitor was prepared in 
dimethyl sulfoxide and further diluted in phosphate buffered saline (PBS) to yield a 30-fold 
working solution. All test aliquots and controls (with 100 µL PBS) were incubated at 37° C for 1 
hour with 10 µL of the working solution and subsequently washed twice with the rinse buffer.  
 
Evaluation of mitochondrial membrane potential  
A lipophilic cationic dye (5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolyl  carbocyanine 
chloride) was used to detect intact MMP in spermatozoa (ApoAlert Mitosensor KitTM, Clontech, 
CA). Spermatozoa with intact mitochondria excite an intense red fluorescence due to the 
formation of the dye  aggregates whereas the monomer dye fluoresces green in the presence of 
sperm with a disrupted mitochondrial membrane. The kit was used according to the instructions 
of the manufacturer. Briefly, all aliquots  were incubated at 37 °C for 20 minutes in 1 µg of the 
lipophilic cation diluted in 1 mL PBS. Negative controls were processed identically for each 
fraction except that the stain was replaced with 10 µL PBS. 
 
Flow cytometry analysis 
The extent of activated caspase-3 and intact MMP were evaluated by flow cytometric analyses. 
All fluorescence  signals of labeled spermatozoa were analyzed by the flow cytometer FACScan 
(Becton Dickinson, San Jose, CA). A minimum of 10,000 spermatozoa was examined for each 
assay at a flow rate of <100 cells/sec. The sperm population was gated using 90-degree and 
forward-angle  light scatter to exclude debris and aggregates. The excitation wavelength was 488 
nm supplied by an argon laser at 15 mW. Green fluorescence (480–530 nm) was measured in 
the FL-1 channel and red fluorescence (580–630 nm) in the FL-2 channel. The percentage of 
positive cells and the mean fluorescence was  calculated on a 1023-channel scale using the flow 
cytometer software Expo32 ADC (Coulter, Krefeld, Germany). 
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Assessment of sperm morphology 
Thin smears of the well-mixed semen were prepared in duplicate by placing 2 - 5 mL drops 
(depending on the sperm concentration) on clean poly-L-lysine coated slides. Thin semen 
smears facilitated sperm morphology assessment by avoiding sperm cell overlap and ensuring 
that the sperm were scattered at the same focal depth. After the slides were air-dried, they were 
stained using Diff-Quik kit (Baxter Healthcare Corporation, Inc., McGaw Park, IL) for 
assessment of sperm morphology.   
Slides of seminal smears for morphological examination were shipped to LWH. One observer 
(N.A.) at LWH scored these slides utilizing a previously described technique (Aziz et al., 1996). 
Briefly, a total of 100 spermatozoa were scored per slide using bright field illumination and an oil 
immersion objective with a total magnification of X2000. At least 10 high-power fields were 
selected at random from different areas of the slide and examined. A calibrated micrometer on 
the eyepiece of the light microscope was used to measure sperm dimensions when there was 
doubt over sperm classification. All slides were assessed using a morphological classification 
based on a modification of the method of Eliasson (Eliasson, 1971) and the strict criteria for 
normal sperm morphology (Kruger et al., 1988). A multiple entry scoring technique was adopted 
in which an abnormal sperm was classified more than once if more than one deform ity was 
observed. The SDI was calculated by dividing the total number of deformities observed by the 
number of sperm that were randomly selected and evaluated irrespective of their morphological 
normality. Borderline forms that were considered abnormal included 1) spermatozoa with 
slightly elongated head with loss of its oval shape, 2) those with rounded heads and intact 
acrosome, and 3) those with normal heads and a thickened midpiece. Strict quality control was 
maintained as each slide was in duplicate and coded. The scorer was blinded to the category 
that each slide had been assigned. The code was broken once the results were mailed back to 
CCF. Quality control assessment of sperm morphology slides revealed no significant difference 
in repeated estimation of different sperm morphological forms. 
 
Statistical analysis 
Data were analyzed by using inbuilt functions within the Statistical Package for Social Science 
Version 11 (SPSS UK Ltd., Chertsey, Surrey, UK). Study variables were not normally 
distributed. Summary statistics are presented as median (25th, 75th centile). Univariate 
comparison of continuous variables in sperm subgroups was performed with Wilcoxon's signed 
ranks test. Spearman’s rank correlation was utilized to test the relationship between sperm 
apoptotic markers and sperm morphological subtypes and the SDI scores. All hypothesis testing 





Fifty healthy donors were included in this study. Summary statistics of parameters  studied are 
presented as medians (25th, 75th centile) in Table 1. The non-apoptotic sperm fractions had 
significantly lower median percentage of sperm with activated caspase-3 compared to control 
and apoptotic sperm fractions. Also, the non-apoptotic sperm fractions had significantly higher 
median percentage of sperm with intact MMP compared to control and apoptotic sperm 
fractions. 
The non-apoptotic sperm fractions had significantly lower median SDI score compared to the 
apoptotic sperm fractions (P < 0.0001) and to DGC preparations (P < 0.0001). The median 
percentages of sperm with normal morphology were similar in the non-apoptotic sperm fractions 
and the DGC preparations, but significantly higher in the non-apoptotic sperm fractions 
compared to the apoptotic sperm fractions (Table 1). The non-apoptotic sperm fractions had 
significantly lower median percentage of sperm with amorphous heads, acrosomal defects, 
midpiece defect and cytoplasmic droplets compared to the apoptotic sperm fractions (P < 
0.0001, P < 0.0001, P < 0.0001, P < 0.0001, respectively) and to DGC preparations (P = 0.026, 
P < 0.0001, P = 0.03, P = 0.0007, respectively). While the non-apoptotic sperm fractions and 
the DGC preparations had similar median percentages of sperm with tail defects , the 
percentage was significantly higher in the apoptotic sperm fractions. Median percentages of 
sperm with borderline morphology and sperm with amorphous heads in DGC preparations, non-
apoptotic and apoptotic sperm fractions were similar. Non-apoptotic sperm subpopulation had 
significantly higher percentage of motility compared with DGC preparation and the apoptotic 
sperm subpopulation. 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































When the non-apoptotic and apoptotic fractions were considered together, there was significant 
negative correlation between the percentage of sperm with intact MMP and percentage of 
sperm expressing caspase-3 activation (r = -0.8, 95% CI: -0.86 to -0.72, P < 0.0001). The 
proportion of sperm with activated caspase-3 showed significant negative correlation with the 
proportions of sperm with normal morphology and significant positive correlation with the SDI 
scores and percentages of sperm with acrosomal defects, cytoplasmic droplets, midpiece 
defects and tail defects (Table 2). On the other hand, the proportion of sperm with intact MMP 
showed significantly positive correlation with the proportions of sperm with normal morphology 
and significant negative correlation with the SDI scores and percentages of sperm with 
acrosomal defects, cytoplasmic droplets, midpiece defects and tail defects (Table 2). 
Percentage sperm motility had significant positive correlation with percentage of sperm with 
intact MMP and significant negative correlation with percentage of sperm cells with activated 
caspase-3 (Table 2) and the sperm deformity scores (r = -0.81, confidence interval -0.86 to -
0.73, P < 0.0001). 
 
 Sperm apoptosis and sperm deformity index 
 85 
 
Criteria Percentage of sperm with 
activated Caspase-3 
Spearman’s r (95% CI, P) 
Percentage of sperm with 
intact MMP 
Spearman’s r (95% CI, P) 
Motility (%) -0.77 (-0.84 to -0.67,  
P < 0.0001) 
0.86 (0.81 to 0.91,  
P < 0.0001) 
 
Sperm with normal 
morphology (%)  
-0.37 (-0.53 to -0.18,  
P = 0.0002) 
0.43 (0.25 to 0.58,  
P < 0.0001) 
 
SDI score 0.75 (0.65 to 0.83,  
P < 0.0001) 
-0.78 (-0.85 to -0.69,  
P < 0.0001) 
 
Acrosomal damage (%)  0.5 (0.33 to 0.63,  
P < 0.0001) 
-0.44 (-0.59 to -0.26,  
P < 0.0001) 
 
Midpiece defects (%)  0.61 (0.47 to 0.72,  
P < 0.0001) 
-0.56 (0.68 to -0.41,  
P < 0.0001) 
 
Cytoplasmic droplet (%)  0.56 (0.4 to 0.68,  
P < 0.0001) 
-0.58 (-0.69 to -0.43,  
P < 0.0001) 
 
Tail defects (%)  0.49 (0.32 to 0.63,  
P < 0.0001) 
-0.68 ( -0.77 to -0.55,  
P < 0.0001) 
 
Table 2: Spearman’s rank correlation was utilized to test the relationship between sperm 
apoptotic markers and sperm morphological subtypes and the SDI scores.  The r statistics and 





This is the first detailed study to the best of our knowledge that charted the shift in sperm 
morphological profile in sperm preparations before and after the isolation of the non-apoptotic 
and apoptotic sperm on the basis of PS externalization using annexin V labeling and MACS 
technique. Compared to the apoptotic sperm subpopulations the non-apoptotic sperm 
subpopulation had an improved sperm morphology profile as demonstrated by significantly 
higher proportions of sperm with normal morphology and significantly lower SDI scores and 
percentages  of sperm with acrosomal defects, midpiece defects, cytoplasmic droplet and tail 
defects. A similar favorable shift was noted in the non-apoptotic sperm morphology when 
compared to the DGC control preparations, with the exception of the proportions of sperm with 
normal morphology and percentages of sperm with tail defect which remained similar in these 
two sperm subpopulations. The study results demonstrated a significant correlation between 
sperm morphology attributes studied and the expressed apoptotic markers - caspase-3 
activation and MMP integrity. Judging by r  statistics the strongest interdependency was 
between SDI scores and caspase-3 activation and MMP. Sperm motility also correlated 
significantly with apoptotic markers and the SDI scores. 
The relationship between apoptotic markers in the ejaculated sperm and sperm morphology 
was previously studied in neat semen (Sakkas et al., 1999a; Gandini et al., 2000; Sakkas et al., 
2002; Shen et al., 2000; Ricci et al., 2002;  Siddighi et al., 2004; Chen et al., 2006). The design 
of these studies might not have facilitated the accurate distinction between moribund or necrotic 
sperm and motile sperm expressing apoptotic markers. Other studies correlated sperm 
morphology in neat semen with apoptosis in selected motile sperm subpopulation obtained after 
swim -up or double gradient centrifugation techniques (Weng et al., 2002; Benchaib et al., 2003; 
Muratori et al., 2003; Almeida et al., 2005). All these studies applied different criteria for the 
assessment of sperm morphology including WHO 1992 standards (Muratori et al., 2003), WHO 
1999 standards (Gandini et al., 2000; Shen et al., 2000; Benchaib et al., 2003; Ricci et al., 2002; 
Almeida et al., 2005) and the Tygerberg’s strict criteria (Sakkas et al., 2002; Weng et al., 2002; 
Siddighi et al., 2004; Barroso et al., 2006; Chen et al, 2006). The design of our study involved 
the selection of highly motile sperm population through DGC technique followed by MACS 
technique to facilitate the direct correlation of sperm morphology and the expressed apoptotic 
markers in the same sperm subpopulation avoiding interference by moribund or necrotic sperm 
found in semen. The correlation between normal sperm morphology and apoptotic markers 
observed in our study is in agreement with other reports that used apoptotic makers such as the 
percentage of sperm with PS externalization (Shen et al., 2000; Ricci et al., 2002), caspase-3 
activation (Weng et al., 2002; Paasch et al., 2003; Almeida et al., 2005; Said et al., 2005b; 
Barroso et al., 2006), MMP integrity (Said et al., 2005b; Barroso et al., 2006) chromatin 
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fragmentation (Sakkas et al., 2002; Benchaib et al., 2003; Siddighi et al., 2004; Chen et al., 
2006), membrane bound death receptor Fas and p53 (Sakkas et al., 1999a; Sakkas et al., 
2002). Unlike our study some reports found a correlation between normal morphology and the 
studied apoptotic markers detectable under certain conditions and not others. For instance 
normal morphology in semen was found to correlate negatively with caspase-3 activation 
measured in swim -up preparation but not in semen (Almeida et al., 2005). In another study 
normal sperm morphology assessed in the swim -up preparations correlated negatively with 
chromatin fragmentation only in teratozoospermic semen samples but not in normospermic 
ones as determined by the WHO 1992 criteria (Muratori et al., 2003). Finally, normal 
morphology applying the strict criteria in sperm preparations was reported to correlate inversely 
with caspase-3 activation, but had no relationship with MMP integrity (Said et al., 2005b). The 
same study found no relationship between expressed apoptotic markers and sperm morphology 
applying WHO criteria (Said et al., 2005b). 
The significant relationship between midpiece defects and caspase-3 activation observed in our 
study are in agreement with result of another study that utilized chromatin fragmentation as an 
apoptotic marker (Weng et al., 2002,). In this study the correlation was found only when the low 
motility fractions of sperm preparations in infertile men were considered. This relationship was 
absent in the high motility fractions of the same patients or in the high and low motility fractions 
of donors’ sperm. Unlike our study results, two other studies failed to find a relationship between 
midpiece defects and apoptotic markers (Ricci et al., 2002; Chen et al., 2006). However, it has 
been demonstrated that in caspase-3 activation in ejaculated sperm was confined to the post 
acrosomal part in mature sperm (Paasch et al., 2004c) and to the midpiece where mitochondria 
and residual cytoplasm reside (Weng et al., 2002). Structurally, this is in agreement with our 
study results of significant interdependence between the percentages of sperm with cytoplasmic 
droplet and midpiece defects on one hand and caspase activation and MMP integrity on the 
other. Our group has previously shown that sperm cytoplasmic droplet deformity is associated 
with excessive reactive oxygen species (ROS) production (Aziz et al., 2004; Said et al., 2005a). 
In view of their positive correlation with apoptosis and excessive ROS production, these 
immature spermatozoa with excessive cytoplasmic remnants could be responsible for male 
subfertility when present in abundance. 
It was noted that the significant increase in the proportion of sperm with tail defects in the 
apoptotic sub-population was not matched by a decrease in this deformity in the non-apoptotic 
subpopulations compared to control. In other words sperm selection may not offer an 
explanation to the observed significant increase in tail defects in the apoptotic subpopulation. 
This may suggest that subjecting apoptotic sperm labeled with paramagnetic microbeads to 
magnetic forces of 1.5 Tesla may have contributed to the observed increase in tail defects. This 
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may also suggest that the apoptotic fraction is more susceptible to the mechanical and 
magnetic forces within the column. However, the positive correlation between tail defects and 
nuclear fragmentation as an apoptotic marker was reported previously in a study where MACS 
technique was not utilized (Chen et al., 2006). This apoptotic sperm subpopulation would not be 
used under any circumstances for any assisted reproductive technique should MACS technique 
becomes incorporated in sperm preparations for therapeutic purposes. 
The apoptotic markers in our study were found to correlate with sperm morphological features 
that are not subject to change after release from the seminiferous tubules. Unlike other animals, 
sperm epididymal passage in human is not associated with any morphological remodeling 
detectable under the light microscope (Bedford, 1994). Even the cytoplasmic extrusion is 
completed before the commencement of epididymal transport (Huszar et al., 1998). As a result 
persistent active apoptotic signals in ejaculated sperm are likely to have developed during 
spermatogenesis in defective spermatozoa to mark them for removal well before entering the 
epididymis. The presence of these sperm cells in ejaculate becomes a reflection of abortive 
apoptosis. This argument is further supported by the evidence that spe rmato zoa that are 
healthy after ejaculation are incapable of becoming apoptotic spontaneously (Lachaud et al., 
2004; Oosterhuis et al., 2004) and their demise occur by necrosis rather than apoptosis (Lachaud 
et al., 2004). This was elegantly demonstrated by showing that after selection of  
healthy spermatozoa by swim -up, density gradient centrifugation and  washing, no 
spe rmato zoa become apoptotic over time under standard incubation conditions.  
In conclusion the non-apoptotic sperm subpopulation has morphologically superior quality 
sperm compared to apoptotic sperm as reflected by significantly lower SDI scores. The poor 
sperm morphology profiles seen in the apoptotic sperm fractions may be partly due to the 
inclusion of sperm with acrosomal damage, midpiece defects and cytoplasmic droplet. It was 
observed that there was excessive sperm tail damage in the annexin-positive (apoptotic) 
subpopulation. This may suggest that the apoptotic fraction is more susceptible to the 
mechanical and magnetic forces within the column. This study demonstrated how the multiple 
entry technique and SDI scoring system are more informative research tools compared to the 
routine assessment of the percentage of normal morphology. The study results may support 
abortive apoptosis where the apoptotic mechanism of spermatozoa is  already triggered before 
ejaculation.    
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Magnetic-Activated Cell Sorting (MACS) using paramagnetic annexin V-conjugated microbeads 
eliminates spermatozoa with externalized phosphatidylserine, which is considered one of the 
features of apoptosis. Our objective was to evaluate the sperm recovery following the use of 
MACS as a sperm preparation technique. Mature spermatozoa were separated and divided into 
2 fractions. The first was prepared by density gradient centrifugation (DGC) and MACS, while 
the second was prepared by only DGC. Following MACS, the percentage of cells collected in 
the annexin-negative fraction was significantly higher than the annexin-positive fraction and the 
sperm recovery rate was 73.8 ± 12.1%. In conclusion, the integration of MACS with DGC can be 
considered as an effective sperm preparation technique that does not lead to significant cell 
loss. Separating a distinctive population of non-apoptotic spermatozoa with intact membranes 
may optimize the outcome of assisted reproduction. 
 
Key words: Annexin; recovery rate; Magnetic-Activated Cell Sorting; apoptosis; sperm 
preparation 
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INTRODUCTION 
Assisted reproductive techniques (ART) have become the treatment of choice in many cases of 
male and female infertility. Successful fertilization requires a sperm plasma membrane with 
normal integrity and function (Flesch et al., 2000). A spermatozoal membrane with impaired 
integrity is known to occur more frequently in infertile men and contributes to infertility despite 
the presence of normal routine sperm parameters (Duru et al., 2001, Glander et al., 1999, 
Sugkraroek et al., 1991). This may be one of the reasons behind the current suboptimal clinical 
pregnancy and live birth rates following ART. 
The plasma membrane is one of the key structures in sperm of infertile men displaying 
apoptotic features (Glander et al., 1999). Early phases of disturbed membrane functions are 
associated with asymmetry of the membrane phospholipids and changes in lipid composition 
(Schiller et al., 2000). The phospholipid phosphatidylserine (PS), which is normally present on 
the inner leaflet of the plasma membrane becomes externalized to the outer leaflet (Vermes  et 
al., 1995). The externalization of PS is currently accepted as a membrane marker for early 
apoptosis (Martin et al., 1995). Annexin V is characterized by high affinity to PS and does not 
have the ability to pass the intact sperm membrane. Therefore, annexin V binding to 
spermatozoa characterizes disturbed integrity of the sperm membrane (Glander et al., 1999). 
Colloidal super-paramagnetic microbeads (~50 nm in diameter) conjugated with annexin V have 
been shown to separate the dead and apoptotic spermatozoa by Magnetic-Activated Cell 
Sorting (MACS). Cells exposing PS bound to these microbeads (annexin-positive) are enriched 
to high extent within a column containing iron balls when placed in a very strong magnetic field. 
Cells with intact membranes will remain unlabelled (annexin-negative), and shall pass freely 
through the column (Miltenyi et al., 1990, von Schonfeldt et al., 1999). 
The binding of paramagnetic annexin V microbeads (ANMB) during MACS is an effective 
method to eliminate spermatozoa at early apoptotic stages from fresh and cryopreserved 
samples (Grunewald et al., 2001). ANMB-negative spermatozoa have been characterized as 
non-apoptotic with the lowest amount of caspase activation, disruption of mitochondrial 
membrane potential and DNA fragmentation (Paasch et al., 2004, Said et al., 2005a). 
Furthermore, these cells display higher fertilization rates when used for animal model IVF and 
ICSI (Said et al., 2006). The combination of MACS with density gradient centrifugation (DGC) in 
a single sperm preparation protocol results in spermatozoa with superior quality (Said et al., 
2005a). Nevertheless, cell loss and sperm recovery rates during and after the procedure remain 
to be evaluated. The objective of our study was to evaluate the sperm cell recovery rate after 





MATERIALS AND METHODS 
Sample preparation 
Following approval of the Institution Review Board, semen samples were collected from 19 
healthy donors with semen parameters exceeding World Health Organization reference ranges 
for the normal fertile population (1999). The liquefied semen samples were prepared by double 
density gradient centrifugation (PureCeption®, SAGE BioPHARMA, Bedminster, NJ). In brief, 
samples were loaded onto a 40% and 80% discontinuous gradient and centrifuged at 1600 rpm 
for 20 minutes at room temperature. The resulting 80% pellet representing the mature fraction 
was washed by centrifugation for additional 7 minutes and re-suspended in human tubal fluid 
media (HTF, Irvine Scientific, Santa Ana, CA). The sperm cell suspension was divided into 2 
aliquots: the first was further separated into annexin-negative (non-apoptotic) and annexin-
positive (apoptotic) fractions using MACS, while the second was left unseparated as a control. 
Sperm recovery rates were calculated following density gradient centrifugation compared to raw 
semen samples and following MACS compared to post-density gradient centrifugation samples 
using the following formula: 
Number of motile spermatozoa after the separation  X 100 
Number of motile spermatozoa before the separation. 
 
Isolation of spermatozoa with deteriorated membranes by MACS   
The sperm suspensions were divided into 2 sperm fractions by passage through a magnetic 
field (OctoMACS; Miltenyi Biotec, Bergisch Gladbach, Germany) based on the binding of 
paramagnetic annexin V microbeads to PS present on the surface of spermatozoa (Paasch et 
al., 2003a). Briefly, the washed spermatozoa were incubated with  100 µL ANMB at room 
temperature for 15 minutes, and placed on top of the separation column containing iron balls 
(Figure 1). The ANMB–labeled apoptotic spermatozoa (ANMB-positive) were retained  in the 
separation column, which was placed in a magnet, whereas spermatozoa with intact 
membranes passed through (ANMB-negative). The power of the magnetic field was measured 
as 0.5 Tesla between the poles of the magnet and up to 1.5 Tesla within the iron globes of the 
column. After removing the column from the magnetic field, the retained fraction was  eluted 
using an annexin-binding buffer (Margolis  et al., 1983).  
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Figure 1. The principle of the MACS method depends on labeling the cell surface marker with a 
specific antibody combined with the use of MACS microbeads, which are super-paramagnetic 
particles that are coupled to highly specific monoclonal antibodies, used to magnetically label 
the target cell population. By using a MACS column containing iron balls with a coated, cell-
friendly matrix placed in a permanent magnet, the target cells labeled with a minimum of 
microbeads will be retained. As the column is rinsed with buffer, all the unlabeled (annexin 
negative) cells will be washed out thoroughly. By removing the column from the magnet, the 
labeled fraction (annexin positive) can be obtained. 
 
Statistical analysis  
Student's paired t-test was used to calculate the difference between samples. Hypothesis 
testing was two – tailed, and P values 0<0.05 were considered statistically significant. All values 
are given as mean ± standard deviation (SD). Calculations were performed with Statistica 6.0 





Sperm count and motility in samples post-DGC and following the MACS separation are given in 
Table 1. Following DGC + MACS, the percentage of cells collected in the annexin-negative 
fraction was significantly higher than the annexin-positive fraction (p<0.0001). Compared to the 
sperm count after DGC, the average number of cells decreased by 15.2 ± 19.1% following 
MACS. The amount of beads was adjusted according to the sperm count as outlined by the 
manufacturer (100 mL for each 10 X 106 cells subjected to separation). The mean volume of 
beads used was 718.4 ± 321.5 µL. The number of total motile sperm following DGC + MACS 
showed a significantly positive correlation with the number of spermatozoa subjected to 
separation and volume of microbeads used (r=0.81, p<0.0001; r=0.76, p<0.0001, respectively). 
The sperm recovery rates following DGC + MACS were comparable to those following only 
DGC (73.8 ± 12.1% vs. 66.7 ± 19.1%). 
 




 Annexin-negative Annexin-positive 
Total sperm count  
(X 106) 
74 ± 32 61 ± 32 3.3 ± 3.0 
Motility (%) 73 ± 10 74 ± 12 5.9 ± 4.3 
 
Table 1. Sperm concentration and motility in samples post-DGC only and in samples post-DGC 
+ MACS Values are expressed as mean ± standard deviation. DGC = density gradient 
centrifugation; MACS = magnetic activated cell sorting. 
 
DISCUSSION 
Unorthodox methodologies have been recently accepted as superior techniques for sperm 
preparation in order to decrease the rate of congenital abnormalities (Schulman et al., 2005). 
Despite various advances in sperm preparation methodology, the recovery rate of functional 
spermatozoa remains unsatisfactory (Henkel et al., 2003). In our study, the recovery rate of 
spermatozoa after MACS separation has been tested. Paramagnetic microbeads coupled with 
specific antibodies are considered an effective tool for cell separation (McCloskey et al., 2000). 
Based on the antibody used, leukocytes may be extracted from ejaculates or immature germ 
cell population may be separated from testicular tissue (Ochsendorf et al., 1997, van der Wee et 
al., 2001). The beads may also be used for immunomagnetic separation of membrane-intact 
and non-apoptotic spermatozoa (Glander et al., 2002, Grunewald et al., 2001, Paasch et al., 
2003b, Paasch et al., 2005). The paramagnetic annexin V-conjugated microbeads are able to 
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eliminate spermatozoa with externalized PS (apoptotic cells) and disintegrated plasma 
membranes from cryopreserved semen samples (Grunewald et al., 2001, Paasch et al., 2005). 
In the current study, we have assessed the sperm recovery following a preparation protocol that 
combines annexin V-MACS with density gradient centrifugation. The number of spermatozoa 
separated as ANMB-negative (unlabeled with intact membranes) was higher than the number 
separated as ANMB-positive (labeled apoptotic spermatozoa). This was primarily due to the 
strict inclusion of semen samples from donor population. The number of sperm retrieved 
correlated significantly with the original number of cells subjected to separation as well as the 
number of beads used. Therefore, we anticipate that the sperm retrieval can be maximized by 
increasing the numbers  of separated cells and beads used.  
The factors that could alter sperm recovery may be technical such as the concentration of 
beads used or factors that are related to the sample quality. Since the samples will be subjected 
to density gradient centrifugation prior to MACS, abnormalities such as high semen viscosity or 
low motile sperm count may lead to a significant decrease in recovery rates. MACS is based on 
the separation of apoptotic sperm, therefore samples with high incidence of deregulated 
apoptosis  will be characterized by increased pool of ANMB-positive sperm. Such samples are 
expected in cases with idiopathic infertility, low sperm motility, high incidence of morphological 
abnormalities and abnormal reactive oxygen species production (Said et al., 2004). These 
cases would benefit the most from our novel sperm preparation protocol.  
DGC is currently established as a sperm preparation technique prior to ART (Chen et al., 1999) 
and has been standardized to complement MACS (Said et al., 2005a). Therefore, the main 
objective of our study was to evaluate sperm recovery following DGC + MACS in order to 
assess its feasibility as a sperm preparation technique. In our present study, the estimated 
average number of lost cells (15%) was considerably higher compared to our previous work 
(1%) (Grunewald et al., 2001). The difference between these 2 estimations could be attributed 
to the different preparation protocols employed in both studies. In the previous study, cell loss 
was estimated following glass wool filtration and MACS, while in the present study DGC and 
MACS were used.  
In general, MACS is a feasible and safe method that may be used to provide a high quality 
sperm fraction (Glander et al., 2002, Grunewald et al., 2001, Paasch et al., 2003b, Paasch et 
al., 2005). The high sperm recovery rate following DGC + MACS advocates the use of this 
protocol as sperm preparation technique prior to assisted reproduction. Separating a distinctive 
population of non-apoptotic spermatozoa with intact membranes and subjecting it to IVF or ICSI 
is a step further in optimizing the outcome of assisted reproduction. Nevertheless, future 
experiments using animal models that evaluate embryo livability and genetic integrity would be 
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Objective: Superparamagnetic annexin V-conjugated microbeads can separate spermatozoa 
with externalized phosphatidylserine, which is considered one of the early features of late 
apoptosis. Our objective was to evaluate the effect of magnetic-activated cell sorting in 
cryopreservation-thawing protocols on sperm motility and cryosurvival rate. 
Design: Prospective-controlled study. 
Setting: Andrology department at a University based medical institution. 
Patients: Ten healthy volunteer sperm donors. 
Interventions: Sperm populations were  separated using annexin-V magnetic-activated cell 
sorting before and after the cryopreservation-thawing process. 
Main outcome measures: Sperm motility and cryosurvival rate. 
Results: Annexin-negative sperm separated by magnetic-activated cell sorting had significantly 
higher motility following cryopreservation-thawing than sperm that were not separated. Similarly, 
annexin-negative spermatozoa also had higher cryosurvival rate than sperm cryopreserved 
without magnetic-activated cell sorting and sperm that were annexin-positive.  
Conclusions: The separation of a distinctive population of non-apoptotic spermatozoa with 
intact membranes may optimize the cryopreservation-thawing outcome. Magnetic-activated cell 
sorting using annexin-V microbeads enhances sperm motility and cryosurvival rates following 
cryopreservation. 
 
Key words:  annexin; cryosurvival rate; magnetic-activated cell sorting; mitochondrial 
membrane potential; sperm  
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INTRODUCTION 
Cryopreservation of human semen is the most commonly accepted method of preserving male 
reproductive capacity. Cryopreserved spermatozoa may be used in assisted reproductive 
techniques (ART) (1), especially in cases where the patient elects to undergo vasectom y for 
contraception or, most importantly, when a patient is diagnosed with cancer and the treatment 
may render him infertile (2). The indications for sperm cryobanking have been greatly expanded 
by recent breakthroughs in ART, in which immotile but viable sperm can be used successfully 
for oocyte fertilization through intracytoplasmic sperm injection (ICSI).  
Despite recent methodological advances, cryopreservation exerts detrimental effects on 
spermatozoa that lead to significant decreases in sperm viability and motility and ultimately in 
cryosurvival rates (CSR) (3). The fertility potential of cryopreserved mammalian spermatozoa is 
lower than that of fresh sperm. The reduction arises from both a lower post-thaw viability and 
sublethal dysfunction in a proportion of the surviving subpopulation (4).  Programmed cell death 
(apoptosis) most likely contributes to the decrease in sperm quality after cryopreservation (5).  
The sperm plasma membrane is one of the key structures affected by cryopreservation that 
displays apoptotic features (6). Early phases of disturbed membrane functions are associated 
with asymmetry of the membrane phospholipids. The phospholipid phosphatidylserine (PS), 
which is normally present on the inner leaflet of the plasma membrane, becomes externalized to 
the outer leaflet (7). The externalization of PS is a known early marker for apoptosis (8). 
Because annexin-V has a high affinity for PS, it cannot pass through an intact sperm 
membrane. Therefore, when annexin-V binds to spermatozoa, it signifies that the integrity of the 
membrane has been disturbed (9). 
Colloidal super-paramagnetic microbeads (~50 nm in diameter) conjugated with annexin-V may 
be used to separate dead and apoptotic spermatozoa by magnetic-activated cell sorting 
(MACS). Cells with PS that has externalized to the outer leaflet will bind to these microbeads. 
When placed into a column containing iron balls and passed through a strong magnetic field, 
those cells remain in the separation column. On the other hand, cells with intact membranes 
remain unlabelled and pass freely through the column (10, 11). 
The process of cryopreservation increases the amount of apoptotic spermatozoa, which in turn 
decreases the success rates of ARTs. The binding of superparamagnetic annexin-V 
microbeads (ANMB) can effectively eliminate spermatozoa in early apoptotic stages from 
cryopreserved samples (12). Therefore, ANMB-negative spermatozoa may have higher survival 
potential after cryopreservation. The objective of our study was to determine if the inclusion of 





MATERIALS AND METHODS 
Sample preparation 
This study was approved by our Institution Review Board. Semen samples were collected from 
10 healthy donors, and semen parameters exceeded the World Health Organization (WHO, 
1999) (13) reference ranges for the normal fertile population. To separate the predominantly 
mature spermatozoa, the liquefied semen was loaded onto a 55% and 80% discontinuous 
SupraSperm gradient (MediCult, Jyllinge, Denmark) and centrifuged at 500g for 20 minutes. 
The resulting 80% pellet (mature spermatozoa) was aspirated and re-suspended in human tubal 
fluid media (HTF, Irvine Scientific, Santa Ana, CA).  
The sperm cell suspension was divided into 2 separate fractions. The first was subjected to 
MACS followed by cryopreservation and thawing whereas the second was cryopreserved-
thawed first and then subjected to MACS. Sperm motility was assessed in all fractions at each 




Figure 1. Flow diagram of overall experiment design: spermatozoa from same sample were 
subjected to cryopreservation-thawing before and after MACS. Number in parenthesis 
represents the aliquot number. MACS = magnetic activated cell separation; ANMB = annexin-V 
magnetic microbead; CSR = cryosurvival rate. 
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Assess motility 
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Isolation of spermatozoa with deteriorated membranes by MACS   
The sperm suspensions were passed through a magnetic field (MiniMACS; Miltenyi Biotec, 
Bergisch Gladbach, Germany), and the spermatozoa were classified as either ANMB-positive or 
ANMB-negative based on the binding of the microbeads to their outer surface (14). 
Briefly, the washed spermatozoa were incubated with  100 µL ANMB at room temperature for 15 
minutes, placed on top of the separation column containing iron balls, which was placed in a 
magnet. The apoptotic spermatozoa were retained in the separation column and labeled as 
ANMB-positive whereas  the spermatozoa with intact membranes passed through the column 
and were labeled ANMB-negative. The power of the magnetic field was measured as 0.5 tesla 
between the poles of the magnet and up to 1.5 tesla within the iron globes of the column. After 
the column was removed from the magnetic field, the retained fraction was  eluted using an 
annexin-binding buffer (15). The number of cells collected in each column exceeded 1 X 
106/mL. 
 
Cryopreservation – thawing protocol 
All specimens were cryopreserved using TEST-Yolk Buffer (TYB, 20% egg yolk and 12% 
glycerol, Irvine Scientific, Santa Ana, CA), (16). TYB was added to the sperm samples at room 
temperature. An aliquot of the freezing medium equal to 25% of sperm sample volume was 
added to the specimen and gently mixed for 5 minutes using a Hema-Tek aliquot mixer (Miles 
Scientific, Elkhart, IN). This was repeated to give a final 1:1 (v/v) ratio of freezing medium to the 
sperm samples. Cryovials (1.5 mL, Corning, Pittsburg, PA) containing the specimens were 
placed in the freezer at  -20°C for 8 minutes and thereafter in liquid nitrogen vapor at -80°C for 2 
hours. The vials were finally transferred to liquid nitrogen tanks at -196°C. Twenty-four hours 
after the samples were frozen, a vial was removed and thawed by incubating it at 37°C for 20 
minutes. Spermatozoa were washed and re-suspended in HTF media immediately after 
thawing, and sperm motility was re-assessed.  
 
Statistical analysis  
Student's paired t-test was used to calculate the difference between samples. Hypothesis 
testing was two–tailed, and P values 0<0.05 were considered statistically significant. All values 
are given as mean ± SD. All calculations were performed with Statistical 6.0 software (StatSoft; 
Tulsa, OK).  
 
RESULTS 
Raw semen samples collected from the donors had a sperm concentration of 89.5 ± 22.3 X 
106/mL and percentage motility of 64.5 ± 6.43. The percentage motility of the different aliquots 
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are listed in Table 1. After MACS separation pre-freeze, the ANMB-negative sperm had 
significantly higher motility values (76 ± 15.06, P = 0.03) than the raw samples (64.5 ± 6.43) 
whereas the ANMB-positive sperm had significantly lower values (41 ± 29.61, P < 0.0001). The 
ANMB-negative sperm consistently had higher motility than the ANMB-positive sperm (P = 
0.006). 
The cryopreservation-thawing process significantly decreased the motility of the spermatozoa 
that were not subjected to MACS separation compared with the pre-freeze control (20 ± 12.02 
vs. 62.5 ± 20.45, P = 0.0001). Similarly, the cryopreservation-thawing process decreased sperm 
motility in the ANMB-negative spermatozoa (38.5 ± 11.31, P = 0.01) and in the ANMB-positive 
spermatozoa (4 ± 7, P < 0.0001). However, the ANMB-negative sperm were the least affected 
by the cryopreservation-thawing process. The ANMB-negative sperm had higher motility 
following cryopreservation-thawing than the ANMB-positive sperm (P < 0.0001) and the sperm 
that were not separated by MACS (P = 0.003). 
The use of TYB did not lead to any decrease in sperm motility.  Motility values obtained after 
density gradient centrifugation were comparable to those obtained when TYB was added prior 
to cryopreservation in the samples that were not separated by MACS (62.5 ± 20.45 vs. 68.00 ± 
10.33). When MACS was performed on the samples after the cryopreservation-thawing 
process, sperm motility was severely affected. Motility in the cryopreserved-thawed 
spermatozoa pre-MACS was significantly higher than that in the post-MACS ANMB-positive 
cells (20.00 ± 12.02 vs. 0.00 ± 0.00, P = 0.0005) and that of the ANMB-negative cells (20.00 ± 
12.02 vs. 2.58 ± 0.81, P = 0.0005). 
The percentage of sperm that survived the cryopreservation process (percentage CSR) was 
calculated using the following formula: 100 X post-thaw total motile sperm/pre-freeze total 
motile sperm. The CSR was highest in the ANMB-negative spermatozoa that were separated 
prior to freezing. This sperm aliquot had a significantly higher CSR than the sperm 
cryopreserved without MACS (76.6 ± 59.75 vs. 30.29 ± 16.06, P = 0.04) and the sperm that 
were ANMB-positive (76.6 ± 59.75 vs. 12.7 ± 31.19, P = 0.04). 







MACS timing CPT Motility (%) 
1 Raw semen N/P No 64.5 ± 6.43 
 
2 Control (post density gradient) N/P No 62.5 ± 20.45 
 
3 Control (post density gradient) N/P Yes 20 ± 12.02b,c 
 
4 ANMB-negative Pre-freeze No 76 ± 15.06a 
 
5 ANMB-positive Pre-freeze No 41 ± 29.61a 
 
6 ANMB-negative Pre-freeze Yes 38.5 ± 11.31b 
 
7 ANMB-positive Pre-freeze Yes 4 ± 7b,c 
 
8 ANMB-negative Post-thaw Yes 2 ± 2.58b,c 
 
9 ANMB-positive Post-thaw Yes 0.00 ± 0.00b,c 
 
Table 1. Motility values obtained from spermatozoa separated and non separated by MACS. 
N/P = MACS was not performed; ANMB = fraction separated by annexin-V magnetic beads; 
CPT = cryopreservation-thawing. Values presented as mean ± standard deviation; P <0.05 
considered significant compared to: a) raw semen, b) non-cryopreserved control, and c) ANMB-
negative spermatozoa separated by MACS and cryopreserved. 
 
DISCUSSION 
Despite various advances in cryopreservation methodology, the recovery rate of functional post-
thaw spermatozoa remains uns atisfactory. Specifically, sperm motility significantly decreases 
after freezing (17). In our study, the cryopreservation-thawing process significantly decreased 
the percentage of motile spermatozoa. Sperm motility may have decreased because of a 
change in temperature and the formation and dissolution of ice in the extracellular environment 
(4). On the other hand, TYB may be excluded as a potentially damaging factor since sperm 
motility was maintained after it was added. 
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The cryopreservation-thawing process induces many changes in mammalian spermatozoa (18, 
19). The lipid components of cell membranes tend to reorganize  after being subjected to 
cooling, which may decrease the stability of the lipid bilayer (20, 21). In turn, sperm membrane 
integrity becomes impaired as PS translocates from the inner to the outer leaflet of the sperm 
plasma membrane (6, 22, 23), which is considered one of the early signs of apoptosis (7, 8). 
Annexin-V is a 35-36 KDa phospholipid-binding protein that specifically binds to PS (6, 8, 9) and 
therefore can be used to detect early deleterious changes in the sperm plasma membrane that 
follow cryopreservation (24). 
Superparamagnetic microbeads coupled with the use of specific antibodies can effectively 
separate cells. Based on the antibody used, leukocytes may be extracted from ejaculates or an 
immature germ cell population may be separated from testicular tissue (25, 26). The beads may 
also be used for immunomagnetic separation of membrane-intact and non-apoptotic 
spermatozoa (9, 12, 14, 27).  The superparamagnetic annexin V-conjugated microbeads are 
able to eliminate spermatozoa with externalized PS (apoptotic cells) and disintegrated plasma 
membranes from cryopreserved semen samples (12, 27). 
In the current study, we assessed the integration of MACS coupled with annexin V-conjugated 
microbeads in our cryopreservation protocol. The procedure delivers 2 sperm fractions: ANMB-
positive (labeled apoptotic spermatozoa) and ANMB-negative (unlabeled with intact 
membranes). Prior to cryopreservation, ANMB-negative spermatozoa separated by MACS had 
the highest motility compared with the ANMB-positive and non-separated spermatozoa. 
Following cryopreservation and thawing, ANMB-negative spermatozoa still had the highest 
motility and CSR compared with the other fractions. Therefore, it appears that the elimination of 
spermatozoa with early apoptotic changes positively affects motility and CSR after 
cryopreservation. 
Sperm cryopreservation and thawing is associated with increased reactive oxygen species 
(ROS) production and decreased antioxidant levels (28, 29). In our earlier study, we described 
that ROS levels have a positive correlation with the extent of apoptotic sperm (30). Therefore, 
the higher cryosurvival rates in ANMB-negative sperm following cryopreservation-thawing could 
be related, at least in part, to the exclusion of the ROS producing ANMB-positive sperm. In 
support, superoxide dismutase and catalase that act as selective scavengers for ROS, were 
able to improve sperm recovery after cryopreservation-thawing (31). 
In general, MACS is a feasible and safe method that may be used to produce a high-quality 
sperm fraction (9, 12, 14, 27). Although the separation columns and their magnetic field do not 
exert any detectable effect on the spermatozoa (12), sperm motility decreased dramatically in 
our current study when MACS was performed on cryopreserved-thawed samples. Because the 
deleterious effect of MACS was manifested only in the cryopreserved-thawed samples and not 
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in the fresh samples, we therefore believe that this procedure can be integrated in 
cryopreservation protocols provided it is conducted on pre-freeze specimens. 
MACS, if used, should be performed before cryopreservation. In our present study, sperm 
motility deteriorated when MACS was performed after cryopreservation, possibly because the 
cryopreservation procedures (eg, centrifugation re-suspension) made the cells vulnerable to 
damage. Moreover, ANMB-negative spermatozoa may still display a very early phase of PS 
translocation. In that case, only a limited number of beads would bind to the sperm —too few to 
be retained in the column. 
Cryopreservation of human sperm is a fundamental tool for the preservation of male fertility. 
However, the process of cryopreservation impairs sperm fertility. Separating a distinctive 
population of non-apoptotic spermatozoa with intact membranes before subjecting it to the 
cryopreservation-thawing process may optimize the outcomes. Our findings suggest that MACS 
coupled with ANMB not only can be used to perform this separation but that it enhances sperm 
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Magnetic cell sorting (MACS) using annexin V conjugated microbeads eliminates apoptotic 
spermatozoa based on the externalization of phosphatidylserine residues. The procedure 
delivers 2 sperm fractions: annexin V-negative (non-apoptotic) and annexin V-positive 
(apoptotic). Our aim was to determine if the sperm fertilizing potential can be improved by 
selecting a non-apoptotic fraction using MACS. Semen samples (n = 35) were subjected to 
separation on a density gradient followed by MACS. Extent of apoptosis was assessed by 
measuring levels of activated caspase 3 using fluorescein-labeled inhibitors of caspase, 
alterations in mitochondrial membrane potential (MMP) using a lipophilic cationic dye and DNA 
fragmentation using terminal deoxynucleotidyl transferase-mediated fluorescein-dUTP nick end 
labeling assay. The sperm fertilization potential was assessed using hamster oocyte penetration 
assay and hamster oocyte-intracytoplasmic sperm injection (ICSI). Annexin V-negative sperm 
displayed superior quality in terms of high motility, low caspase 3 activation, MMP integrity and 
small extent of DNA fragmentation. Annexin V-negative sperm demonstrated higher oocyte 
penetration capacity but comparable sperm chromatin decondensation (SCD) following ICSI. 
Conversely, the annexin V-positive sperm presented with poor quality and fertilization potential. 
The oocyte penetration rate was negatively correlated with apoptotic marker expression, 
whereas SCD following ICSI was only associated with apoptosis on sperm damaged 
membranes. We conclude that apoptosis appears to impact sperm -oocyte penetration rate; 
however, it does not seem to improve early stages of fertilization such as SCD in spermatozoa 
of healthy donors. The selection of non-apoptotic sperm by MACS may be used to enhance 
results of in vitro fertilization by increasing sperm -oocyte penetration.  
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INTRODUCTION 
Apoptosis is an on-going physiological phenomenon that maintains the number of germ cells 
within the supportive capacity of the Sertoli cells [1]. As opposed to somatic and testicular germ 
cells, the presence and significance of apoptosis in ejaculated spermatozoa remains elusive [2]. 
Although ejaculated spermatozoa display several apoptosis -like characteristics as in somatic 
cells, these apoptosis -related features do not necessarily indicate apoptosis death functions [3]. 
Nevertheless, apoptosis -like phenotype in ejaculated sperm has been associated with the 
presence of abnormal spermatozoa in semen [4-6]. The failure to eliminate these abnormal 
spermatozoa during spermatogenesis--also termed as “abortive apoptosis”--may be the reason 
for their presence in semen [4, 6]. 
Activation of caspases, disruption of mitochondrial membrane potential (MMP) and increased 
DNA fragmentation are some of the apoptotic features that have been identified in ejaculated 
spermatozoa [3, 7-9]. Another apoptotic event reported in human spermatozoa is the 
externalization of the phospholipid phosphatidylserine (PS), which is normally present on the 
inner leaflet of the sperm plasma membrane [10, 11]. Annexin V is a phospholipid binding 
protein that has high affinity for PS and lacks the ability to pass through an intact sperm 
membrane [12]. Therefore, annexin V binding to spermatozoa indicates that the membrane 
integrity has been compromised [13]. 
Magnetic-activated cell sorting (MACS) using annexin V-conjugated super-paramagnetic 
microbeads can effectively separate non-apoptotic spermatozoa from those with deteriorated 
plasma membranes based on the externalization of PS. MACS separation of sperm yields 2 
fractions: annexin V-negative (intact membranes, non-apoptotic) and annexin V-positive 
(externalized PS, apoptotic) [14, 15]. We have recently established a sperm preparation 
protocol that combines MACS with double density centrifugation. This novel combination 
provides spermatozoa of higher quality in terms of motility, viability and apoptosis indices 
compared with other conventional sperm preparation methods [16]. The protocol can also be 
used to improve cryosurvival rates following freezing and thawing [17]. 
The last decade has witnessed a rapidly increasing trend in the application of assisted 
reproductive technology for the treatment of infertile couples. While the indications of assisted 
reproductive techniques (ART) have expanded, a defined pathophysiological diagnosis is often 
missed [18]. Moreover, the current pregnancy and live-births success rates remain 
unsatisfactory [19]. The inclusion of apoptotic sperm during in vitro fertilization (IVF) may be one 
of the reasons for these sub-optimal rates [20, 21]. Similarly, there is likelihood that some sperm 
selected for intracytoplasmic sperm injection (ICSI), despite appearing normal, may contain 
fragmented DNA, thus affecting the outcome of the procedure [22]. Thus, it appears that the 
selection of non-apoptotic spermatozoa is one of the prerequisites for achieving optimal 
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conception rates following ART. MACS using annexin V microbeads may yield a sperm 
population that displays superior functional abilities and in turn higher fertilization potential. In 
this study, we investigated the possible effects of apoptosis and DNA damage on the sperm 
function following MACS, using in vitro models that test the sperm -oocyte penetration and 
chromatin decondensation upon oocyte entry. Our aim was to assess the fertilization potential 
of annexin V-negative (non-apoptotic) sperm to determine if the use of MACS prior to ART 
procedures can enhance success rates. 
 
MATERIALS AND METHODS 
Experimental design 
This study was approved by the Institution Review Boards of the Cleveland Clinic Foundation 
and the Faculty of Medicine, University of Leipzig. Semen samples were obtained from 35 
healthy donors following a period of 3 – 5 days of sexual abstinence. Semen analysis was 
performed according to the World Health Organization guidelines [23]. Samples with ³ 20 X 106 
spermatozoa/mL and at least 50% progressive sperm motility were selected for the study.  
Semen samples were prepared by double density gradient centrifugation (PureCeption®, SAGE 
BioPharma, Bedminster, NJ). Samples were loaded onto a 40% and 80% discontinuous 
gradient and centrifuged at 300 g for 20 minutes at room temperature (25°C.). The resulting 
80% pellet was washed by centrifugation for additional 7 minutes and re-suspended in human 
tubal fluid media (HTF, Irvine Scientific, Santa Ana, CA). 
One aliquot of the sperm suspension served as control, while the other aliquot was subjected to 
MACS. Activated caspase 3 levels, integrity of the MMP and extent of DNA fragmentation were 
assessed as markers of apoptosis in the annexin V-negative and -positive aliquots following 
MACS as well as in the control aliquot. The extent of PS externalization in the annexin V-
negative and positive aliquots was evaluated and served as a control for MACS separation. The 
zona-free hamster oocyte penetration assay and the extent of sperm chromatin decondensation 
(SCD) following hamster oocyte intracytoplasmic injection were used as in vitro models to test 
the sperm fertilization potential (Figure 1).  
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Figure 1. Overall experimental design showing the different steps performed in our study. DGC 
= double density gradient centrifugation; MACS = magnetic cell separation; CP 3 = activated 
caspase 3; MMP = intact mitochondria membrane potential; EPS = externalized 
phosphatidylserine; TUNEL = terminal deoxynucleotidyl transferase-mediated fluorescein-dUTP 
nick end labeling for the evaluation of sperm DNA damage; SPA = sperm penetration assay; 
ICSI = intracytoplasmic sperm injection; SCD = sperm chromatin decondensation following 
intracytoplasmic sperm injection. 
 
Isolation of spermatozoa with deteriorated membranes by MACS   
Spermatozoa were incubated with  annexin V-conjugated microbeads (Miltenyi Biotec, Auburn, 
CA) for 15 minutes at room temperature. One hundred mL of microbeads was used for each 10 
million separated cells. The sperm/microbeads suspension was loaded in a separation column 
containing iron globes, which was fitted in a magnet (MiniMACS; Miltenyi Biotec, Auburn, CA). 
The fraction composed of apoptotic spermatozoa was retained in the separation column and 
labeled as annexin V-positive, whereas  the fraction with intact membranes that was eluted 
through the column was labeled as annexin V-negative. The power of the  magnetic field was 
measured as 0.5 tesla between the poles of the magnet and up to 1.5 tesla within the iron 
globes of the column. After the column was removed from the magnetic field, the retained 
fraction was  eluted using annexin V-binding buffer (Miltenyi Biotec, Auburn, CA). 
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Detection of activated caspase 3  
Levels of activated caspase 3 were detected in spermatozoa using fluorescein labeled inhibitor 
of caspase (FLICA), which is cell permeable, non-cytotoxic and binds covalently to active 
caspase 3 [24]. The inhibitor was used with the appropriate controls according to the kit 
instructions provided by the manufacturer (Carboxyfluorescein FLICA, Immunochemistry 
Technologies, Bloomington, MN). A 150-fold stock solution of the inhibitor was prepared in 
dimethyl sulfoxide and further diluted in phosphate buffered saline (PBS) to yield a 30-fold 
working solution. All test aliquots and controls (with 100 µL PBS) were incubated at 37°C for 1 
hour with 10 µL of the working solution and subsequently washed twice with the rinse buffer.  
 
Evaluation of mitochondrial membrane potential  
A lipophilic cationic dye (5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolyl  carbocyanine 
chloride) was used to detect intact MMP in spermatozoa (ApoAlert Mitosensor KitTM, Clontech, 
CA). Spermatozoa with intact mitochondria excite an intense red fluorescence due to the 
formation of the dye  aggregates whereas the monomer dye fluoresces green in the presence of 
sperm with a disrupted mitochondrial membrane. The kit was used according to the instructions 
of the manufacturer. Briefly, all aliquots  were incubated at 37°C for 20 minutes in 1 µg of the 
lipophilic cation diluted in 1 mL PBS. Negative controls were processed identically for each 
fraction except that the stain was replaced with 10 µL PBS. 
 
Evaluation of DNA fragmentation 
Sperm DNA strand breaks were evaluated using the terminal deoxynucleotidyl transferase-
mediated fluorescein-dUTP nick end labeling (TUNEL) assay kit (Apo-DirectTM, Chemicon, 
Temecula, CA) as established earlier [25]. Briefly, spermatozoa were washed twice in PBS and 
resuspended in 1% paraformaldehyde (Electron Microscopy Sciences, Fort Washington, PA) at 
a concentration of 1-2 X 106 sperm/mL and placed on ice for 30-60 minutes. These 
spermatozoa were again washed by centrifugation at 300 g for 5 minutes and resuspended in 
70% ice-cold ethanol. 
Following a second wash in PBS to remove ethanol, sperm pellets were resuspended in 50 mL 
of the staining solution for 60 minutes at 37°C. The staining solution contained terminal 
deoxytransferase (TdT) enzyme, TdT reaction buffer, fluorescein tagged deoxyuridine 
triphosphate nucleotides (FITC-dUTP) and distilled water. All cells were further washed in rinse 
buffer, resuspended in 0.5 mL of propidium iodide/RNase solution and incubated for 30 minutes 
in the dark at room temperature. Somatic cells were used without (negative control) and after 
induction of apoptosis (positive control) for each run according to the manufacturer’s 
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instructions. An additional sperm negative control was processed identically for each fraction 
except that the TdT enzyme was replaced with an equal volume of PBS. 
 
Phosphatidylserine externalization 
Externalisation of PS was examined using a monoclonal mouse anti-human PS antibody, clone 
1H6 (Upstate Cell Signalling Solutions, Lake Placid, NY). Spermatozoa were incubated with the 
PS-antibody at a final concentration of 0.5 µg/mL in PBS containing 2% bovine serum albumin 
(PBSB) for 20 minutes on ice, followed by addition of 150 µL PBSB and centrifugation at 300 g 
for 5 minutes at 20°C. After the supernatant was discarded, each sperm pellet was incubated 
with 50 µL of secondary antibody (goat anti-mouse IgG, fluorescein conjugate, Upstate Cell 
Signalling Solutions, Lake Placid, NY) on ice for 20 minutes and protected from direct light. A 
second washing step in PBSB (300 g for 5 minutes at 20°C) was performed to remove excess 
antibody that was not bound to the spermatozoal surface. For assessment by flow cytometry, 
sperm pellets were diluted in 400 µL PBSB. 
 
Flow cytometry analysis 
The extent of activated caspase 3, intact MMP, externalized PS and sperm DNA damage were 
evaluated by flow cytometric analyses. All fluorescence  signals of labeled spermatozoa were 
analyzed by the flow cytometer FACScan (Becton Dickinson, San Jose, CA). A minimum of 
10,000 spermatozoa was examined for each assay at a flow rate of <100 cells/sec. The sperm 
population was gated using 90-degree and forward-angle light scatter to exclude debris and 
aggregates. The excitation wavelength was 488 nm supplied by an argon laser at 15 mW. 
Green fluorescence (480–530 nm) was measured in the FL-1 channel and red fluorescence 
(580–630 nm) in the FL-2 channel. The percentage of positive cells and the mean fluorescence 
was  calculated on a 1023-channel scale using the flow cytometer software Expo32 ADC 
(Coulter, Krefeld, Germany). 
 
Zona-free hamster oocyte penetration assay 
The assay was performed as described by Johnson et al. [26] with slight modifications to mimic 
the human IVF procedure. Sperm aliquots used for the evaluation of sperm penetration assay 
were subjected to capacitating conditions (incubation in HTF media containing 3% bovine 
serum albumin for 3.5 hours at 37°C and 5% carbon dioxide). Frozen-thawed hamster oocytes 
(Embryotech, Wilmington, MA) were briefly exposed to acidified Tyrode’s media (Irvine 
Scientific, Santa Ana, CA) to remove the zona pellucida and in turn their species specificity. The 
zona-free hamster oocytes were placed in 50 mL sperm droplets (concentration adjusted to 3-5 
X 106 sperm/mL), overlaid with mineral oil (Sigma, St Louis, MO) and incubated for 3 hours at 
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37°C, 5% CO2. A total of 20 oocytes (5 oocytes per sperm droplet) were used for each of the 3 
experiment aliquots. Following incubation, oocytes were washed in PBS + 10% BSA to remove 
the excess sperm attached to their surface and examined by 40X phase-contrast microscopy 
(Olympus, BH2-PC, Melville, NY). The presence of decondensed nucleus with an attached tail 
was taken to represent a positive penetration. The number of oocytes scored for each of the 3 
experiment aliquots ranged from 15 to 20 depending on the number of oocytes damaged during 
the assay. Results were evaluated as the percentage of oocytes penetrated by sperm (SPA) 
and the average number of sperm penetrated per oocytes (sperm capacitation index, SCI). 
 
Intracytoplasmic sperm injection 
Micromanipulation was carried out under 400X-inverted microscope (Nikon, Tokyo, Japan) 
using Hoffman optics. The microscope is equipped with 2 hydraulic micromanipulators (M0-
102M) and 2 micro-injectors (IM-4 and IM-6) (Narishige Co., Ltd, Tokyo, Japan). The 
intracytoplasmic sperm injection (ICSI) was carried out as described by Palermo et al. [27]. In 
brief, 1 mL of sperm suspension was diluted with 4 mL of 7% polyvinyl pyrolidone (Irvine 
Scientific, Santa Ana, CA) and placed in the center of injection dish. Each frozen-thawed 
hamster oocyte (Embryotech, Wilmington, MA) was placed in 5 mL of HTF media + 10% BSA 
surrounding the central drop containing the sperm suspension and covered with mineral oil. A 
total of 10 oocytes were injected for each of the 3 experiment aliquots. The selected sperm was 
aspirated into the injector micropipette and introduced through the zona into the ooplasm. The 
micropipette was then slowly withdrawn and the injected oocytes were kept at 37°C, 5% CO2 for 
18 – 22 hours.  
To evaluate the occurrence of SCD, oocytes were fixed by incubation in 2% formaldehyde + 
0.02% triton-X (Bio-Rad, Richmond, CA) for 30 minutes at 37°C. Following incubation, oocytes 
were washed in PBS + 10% BSA and stained with Hoechst 33258 (10 mg/mL, Sigma, St Louis, 
MO) for 45 minutes at 37°C. Washing was repeated to remove the excess stain and oocytes 
were mounted on glass slide using Slow Fade mounting medium (Molecular probes , Eugene, 
OR) [28]. Images were collected using a Leica AOBS SP2 confocal microscope (Leica 
Microsystems, Heidelberg, Germany) using the 351 nm line of an Argon laser for excitation. 
Emitted light between 400-500 nm was collected using a 63X lens, while the Z-series were 
collected using a step-size of 0.4 mm. The number of oocytes scored for each of the 3 
experiment aliquots ranged from 5 to 10 depending on the number of oocytes damaged during 
the assay. 




One-way analysis of variance (ANOVA) with repeated measures was used to compare various 
parameters among the 3 experiment aliquots. Pairwise Pearson’s correlation coefficients were 
used to study the association between different parameters. The common correlation 
coefficient, which can be regarded as a measure of the average correlation across treatment 
groups, was calculated when necessary from a weighted average of the Fisher’s Z 
transformations of the aliquot-specific correlations. All tests were 2-tailed, and significance was 




Semen samples evaluation 
The mean sperm concentration and percentage motility in the raw ejaculates were 93.4 ± 76.6 X 
106/mL and 57.3 ± 9.4 %. Following separation on a double density gradient, the sperm 
recovery rate was 55.2 ± 24.0 % resulting in an average sperm concentration of 83.8 ± 57.6 X 
106/mL and an average motility of 73.9 ± 8.7%. The sperm motility values were significantly 
higher in the annexin V-negative fraction following MACS compared to the annexin V-positive 
fraction (p<0.001) as well as controls (p = 0.007). On the other hand, the annexin V-positive 




 Motility  
(% Motile) 
(n = 35) 
Caspase 3 
(% Activated) 
(n = 35) 
MMP 
(% Intact) 
(n = 35) 
TUNEL 
(% DNA damaged) 
(n = 19) 
Annexin V-negative 
(aliquot A) 
78.1 ± 11.3 8.8 ± 5.9 88.6 ± 7.8 9.7 ± 10.6 
Annexin V-positive 
(aliquot B) 
12.0 ± 9.8 70.5 ± 18.8 30.0 ± 16.5 21.0 ± 13.6 
 
Control (aliquot C) 74.8 ± 9.4 15.2 ± 10.5 78.0 ± 15.1 14.4 ± 13.2 
 
p-value A vs. B <0.001 <0.001 <0.001 <0.001 
 
 A vs. C 0.007 <0.001 <0.001 0.007 
 
 B vs. C <0.001 <0.001 <0.001 0.002 
 
Table 1. Results of sperm motility and apoptotic markers in annexin V-negative and -positive 
sperm  and controls. MMP = mitochondrial membrane potential; TUNEL = terminal 
deoxynucleotidyl transferase-mediated fluorescein-dUTP nick end labeling. Results are 
expressed as mean ± standard deviation. p<0.05 was considered significant using one-way 
analysis of variance with repeated measures. 
 
Activated caspase 3, MMP and DNA fragmentation 
Overall, a significantly large difference was seen between the 3 aliquots in caspase 3 activation, 
MMP and DNA fragmentation (p<0.001, p<0.001, p<0.001, respectively). The extent of 
spermatozoa displaying activated caspase 3 was significantly lower in the annexin V-negative 
fraction in comparison to the annexin V-positive fraction (p<0.001) as well as the controls 
(p<0.001). The integrity of the mitochondrial membrane potential was more preserved in the 
annexin V-negative fraction (p<0.001 vs. annexin V-positive fraction; p<0.001 vs. controls). 
Results of the TUNEL assay revealed that the percentage of sperm with fragmented DNA was 
significantly lower in annexin V-negative fraction (p<0.001 vs. annexin V-positive fraction; p = 
0.007 vs. controls). The annexin V-positive fraction had higher caspase 3 activation and DNA 
fragmentation and lower MMP integrity compared with the controls (p<0.001, p = 0.002 and 
p<0.001 respectively, Table 1). The externalization of PS was significantly lower in annexin V-
negative fraction compared to the annexin V-positive fraction following MACS separation (3.4 ± 
1.7 % vs. 54.9 ± 18.1 %, p<0.001) (Figure 2). 
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Caspase 3 activation was significantly and negatively correlated with MMP and sperm motility. 
Both MMP and sperm motility showed a significant positive correlation. On the other hand, the 
percentage of spermatozoa with fragmented DNA showed a weak positive correlation with 




Figure 2. Result of flow cytometric analyses: The X-axis of each histogram depicts the intensity 
of fluorescence in either the green spectrum (FITC-FL1) channel for the analysis of caspase 3, 
terminal deoxynucleotidyl transferase-mediated fluorescein-dUTP nick end labeling (TUNEL) 
and externalized phosphatidylserine (EPS), or in the red spectrum (rhodamine-FL2) channel for 
the analysis of mitochondrial membrane potential (MMP). The Y-axis depicts the frequency in 
terms of the number of cells. 
 



























 (n = 35) 
Caspase 3 
 (n = 35) 
MMP 
(n = 35) 
TUNEL 
 (n = 19) 
Motility 
(n = 35) 







(n = 35) 





(n = 35) 
  1.00 -0.21  
(0.144) 
TUNEL  
(n = 19) 
   1.00 
 
Table 2. Sperm motility and markers of apoptosis showing the correlation and the significance 
(in parenthesis) with each other. MMP = mitochondrial membrane potential; TUNEL = terminal 
deoxynucleotidyl transferase-mediated fluorescein-dUTP nick end labeling. The average 
correlations are derived from the weighted averages of the Fisher’s Z transformations of the group 
specific Pearson’s correlations. p<0.05 is considered significantly different from zero using a Wald test. 
The correlation between TUNEL and others were based on the 19 samples available to both measures. 
 
Models for evaluating sperm fertilization potential 
Following the sperm penetration assay, a significantly higher percentage of penetrated oocytes 
were detected in the annexin V-negative fraction compared to the annexin V-positive sperm 
(p<0.001) as well as the controls (p = 0.001). Similarly, SCI values were significantly higher in 
the annexin V-negative fraction compared to the annexin V-positive sperm (p<0.001) and the 
controls (p<0.04; Table 3). The annexin V-positive spermatozoa had lower percentage of 
penetrated oocytes and SCI values when compared with the controls (p<0.001 and p = 0.01, 
respectively). 
The percentage of penetrated oocytes had a significant negative correlation with caspase 3 
activation (r = -0.61, p<0.001) and significant positive correlations with MMP and sperm motility 
(r = 0.67 and r = 0.70, p<0.001) in samples for which the sperm penetration assay was 
performed (n = 16).  To a lesser extent, SCI values had a significant negative correlation with 
caspase 3 activation (r = -0.44, p<0.001) and significant positive correlations with MMP and 
sperm motility (r = 0.48 and r = 0.52, p<0.001). 
A sample of SCD following ICSI is presented in Figure 3. Both annexin V-negative sperm and 
controls showed a higher percentage of SCD following ICSI compared to the annexin V-positive 
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sperm (p = 0.02 and p = 0.01 respectively). However, SCD rates were identical in the annexin 
V-negative sperm and controls (p = 0.98, Table 3). In samples evaluated by hamster-ICSI (n = 
19), the SCD had a weak negative correlation with caspase 3 activation (r = -0.31, p = 0.01) and 
weak positive correlations with MMP and sperm motility (r = 0.29, p = 0.03 and r = 0.31, p = 
0.02 respectively). No significant correlation was found between the percentage of DNA 
fragmented sperm and the percentage of spermatozoa showing chromatin decondensation 
following ICSI (r = 0.05, p = 0.57). 
 
 
Figure 3. Sperm chromatin decondensation following hamster oocyte-human sperm 
intracytoplasmic injection. Figures A-B show condensed sperm chromatin (dotted arrow), while 
figures C-D show decondensed sperm chromatin (solid arrow). A, C are cross sectional view; B, 
D are 3-D view with 90 angle rotation around the Z-axis. PB = polar body; ON = oocyte nucleus; 





(n = 16) 
SCD  
(n = 19) 
 
Oocytes 







44.5 ± 12.6 1.8 ± 0.3 34.2 ± 13.7  
Annexin V-positive 
(aliquot B) 
20.8 ± 5.3 1.3 ± 0.4 24.6 ± 13.0  
Control (aliquot C) 33.8 ± 6.9 
 
1.5 ± 0.6 34.0 ± 13.0 
p-value A vs. B <0.001 
 
<0.001 0.02 
 A vs. C 0.001 
 
0.04 0.98 
 B vs. C <0.001 0.01 0.01 
 
Table 3. In vitro models showing the impact of magnetic cell separation on sperm fertilization 
potential of various sperm fractions using the sperm penetration assay (SPA) and sperm 
chromatin decondensation (SCD) following ICSI. ICSI = intracytoplasmic sperm injection. 
Results are expressed as mean ± standard deviation. p<0.05 was considered significant using 
one-way analysis of variance with repeated measures. 
 
DISCUSSION 
Effect of MACS on sperm quality 
The increase in ART applications with concurrent low success rates has intensified the need to 
develop an ideal sperm preparation technique. Novel approaches such as electrophoretic 
separation and magnetic cell separation have demonstrated encouraging results for the 
isolation of spermatozoa with superior quality [16, 29]. Among other available procedures, 
density gradient centrifugation has become a standard for sperm preparation [30]. Although the 
technique has been reported to provide spermatozoa with higher MMP and DNA integrity [31, 
32], its mode of action does not include the identification of apoptotic markers in spermatozoa. 
On the other hand, MACS using annexin V-conjugated microbeads specifically targets 
spermatozoa with deteriorated membranes that display externalized PS as a manifestation of 
apoptosis [13, 15]. Therefore, MACS acts on the sperm molecular level as opposed to routine 
sperm preparation techniques that rely solely on sperm density and motility. In this context, 
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MACS may be considered a unique molecular preparation technique that complements 
conventional sperm preparation protocols. 
In the current experiment, the recovery rate of motile sperm following density gradient 
centrifugation was relatively high due to the nature of our study population, which consisted of 
men with normal semen parameters. Nevertheless, the percentage of motile sperm was further 
significantly increased following MACS separation as noted in the annexin V-negative fraction. 
This clearly indicates that the sperm motility can still be improved by integrating MACS as a part 
of the sperm preparation protocol, which is in agreement with our earlier studies [16, 17]. The 
enhancement of sperm motility following MACS separation is not surprising since functional 
assays of sperm plasma membrane integrity are good indicators of sperm quality [13]. 
Moreover, sperm motility has been negatively correlated with several apoptotic indices such as 
caspase 3 activation [3, 9] and PS externalization [5, 11]. 
 
Impact of MACS on apoptosis markers 
The annexin V-negative fraction separated by MACS displayed the lowest percentage of 
capsase-3 activation as well as the highest mitochondrial membrane integrity. Conversely, the 
annexin V-positive fraction demonstrated the highest expression levels of these apoptotic 
markers. MACS coupled with annexin V microbeads has been repeatedly shown to efficiently isolate 
apoptotic spermatozoa [14, 33-36]. Since PS externalization is considered an apoptotic event, 
other features of apoptosis would be expected to manifest concomitantly. In our earlier study, 
MACS separation resulted in the depletion of spermatozoa with activated caspases [34]. 
Moreover, mitochondrial changes typical of apoptosis coincided with PS externalization and 
annexin V binding [2]. The strong correlation detected in the present study between PS 
externalization, caspase 3 activation and MMP further supports this observation.  
Alterations in the sperm phospholipid bilayer are not always considered manifestations of cell 
death but may be a part of the normal sperm physiology. During sperm capacitation, protein 
kinases have been identified as mediators for signaling pathways that lead to externalization of 
PS and phosphatidylethanolamine (PE) [37-39]. However, species -specific differences in sperm 
capacitation as well as different methodologies for capacitation induction restricted the 
validation of these findings [40]. In our study, the significantly reduced sperm motility in the 
annexin V-positive fraction is an indicator that annexin V binding is more associated with cell 
death rather than sperm capacitation. 
We compared PS externalization between the annexin V-negative and positive fractions 
separated by MACS as an internal control measure to assess the efficiency of MACS 
separation. The technique appears to be adequate since the number of PS-positive sperm was 
lower in the annexin V-negative fraction than in the annexin V-positive. Minimal PS 
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externalization was noted in the annexin V-negative fraction, while a considerable number of 
spermatozoa that stained negative for PS were found in the annexin V-positive fraction. The 
absence of PS externalization in some spermatozoa in the annexin V-positive fraction may be 
due to the fact that beads have already blocked the PS binding sites. In addition, annexin V can 
also bind to other enzymes such as protein kinases and phospholipids such as PE despite high 
affinity for PS [41, 42]. 
Defective chromatin packaging and failure of histones replacement with protamines during 
spermiogenesis along with oxidative stress have been linked to DNA damage in male germ 
cells [43, 44]. Alternatively, DNA fragmentation in ejaculated human spermatozoa may be one 
of the characteristics of programmed cell death [7, 43, 44]. In the present study, annexin V-
negative sperm following MACS had the lowest incidence of DNA fragmentation. However, the 
extent of this fragmentation did not correlate with the percentage of motile spermatozoa or other 
markers of apoptosis. This may be attributed to the fact that DNA integrity is an independent 
measure of sperm quality that is not necessarily associated with other sperm parameters [45]. 
Moreover, markers of apoptosis do not always occur at the same time [3, 4]. Another possible 
explanation would be that TUNEL assessment for DNA damage correlates better with necrotic 
rather than apoptotic sperm [46]. 
 
Models for sperm fertilization potential  
Although that there is an established consensus on the implication of apoptosis in male 
infertility, the exact mechanisms of its involvement remain to be elucidated [47]. In our study, we 
used in vitro models to assess if the selection of non-apoptotic spermatozoa may be used as a 
strategy to enhance ART outcomes. The hamster oocyte penetration assay has been well 
standardized to measure the ability of the acrosome reacted spermatozoa to fuse with the 
vitelline membrane of the oocyte and initiate nuclear decondensation [26]. On the other hand, 
human SCD following the hamster oocyte-ICSI provides a method to test the sperm fertilizing 
capacity and can be used as a measure for training and proficiency testing [48, 49]. The 
preliminary data generated from these 2 models may justify the future validation and application 
of MACS in human clinical ART. 
In the present study, annexin V-negative sperm had the highest SPA and SCI followed by the 
controls, while the annexin V-positive sperm demonstrated the weakest penetration ability. The 
low expression of apoptotic markers in the annexin V-negative fraction indicates that the 
increased oocyte penetration is associated with and may be caused by decreased incidence of 
sperm apoptosis. Moreover, the increased oocyte penetration potential was directly correlated 
with expression of apoptotic markers (the lower the better), which further supports that 
apoptosis plays a role in preventing sperm oocyte penetration. A previous report has 
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documented the correlation between zona-free hamster egg penetration and annexin V staining 
[50]. This correlation supports our separation method, which is based on annexin V conjugated 
microbeads. 
In general, SCD rates following ICSI were lower than published reports [49, 51, 52]. This may 
be attributed to the use of cryopreserved hamster oocytes in our experiment, which are of lower 
quality than fresh oocytes. Although annexin V-negative sperm had higher SCD following ICSI, 
these values were comparable to the controls. This may be attributed to the design of the 
experiment in which semen samples from healthy donors were used. The weak correlation of 
caspase 3 activation and MMP as well as the lack of correlation of DNA damage with the results 
of SCD may indicate a weak impact of apoptosis on early fertilization stages of healthy donor 
sperm. Therefore, it is evident that apoptosis and DNA damage do not directly affect the sperm 
fertilization rate following ICSI. This finding is in accordance with other studies that reported a 
lack of association between sperm DNA integrity and fertilization rates in clinical IVF programs 
[53-55]. However, this may not hold true for later stages of the fertilization process such as 
embryo development, blastocyst development rate and clinical pregnancy rates [20, 56, 57]. 
The assessment of embryonic development was not possible in the present study due to the 
limitation of our animal model. 
Significant gene expression in human embryos is observed after the 4-cell stage [58-60]. Thus, 
disorders of the paternal genome such as sperm DNA fragmentation are not expected to 
directly affect the rate of pronuclei formation, which represents the fertilization rate. 
Nevertheless, other functional abnormalities could be concurrently present in the DNA damaged 
sperm and may be the reason for the decreased fertilization rate. For instance, the annexin V-
positive fraction in the present study had the lowest percentage of motile spermatozoa in 
addition to the highest incidence of deregulated apoptosis. Therefore, the significantly 
decreased SCD following ICSI in this fraction may be attributed to the decrease in motility as 
well as deregulated apoptosis. In a study by Lopes et al, abnormal sperm with low motility had 
an increased incidence of DNA fragmentation, which correlated with low fertilization rates 
following ICSI [61]. 
Our results indicate that MACS separation enhances the sperm -oocyte penetration potential; 
therefore it may be of potential benefit during ART procedures such as intrauterine insemination 
(IUI) or IVF. On the other hand, MACS does not seem to be a useful measure for enhancing 
early fertilization following ICSI. Whether or not it will affect the results of later fertilization stages 
requires further studying, which was not possible due to the limitation of our animal model. Our 
findings are in agreement with multiple published reports that document the association of 
apoptosis and DNA damage with the fertilization rates following IUI and IVF but not with ICSI 
[22, 62, 63]. The discrepancy may be due to the technical nature of ICSI that plays an important 
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role in minimizing the impact of sperm preparation methods. During ICSI, a motile and as far as 
possible, a morphologically normal sperm is selected for injection [62]. Therefore, there is an 
increased chance of using a sperm with intact DNA. On the other hand, during IVF, a larger 
number of spermatozoa are incubated with the oocyte, and a natural selection process takes 
place to control the sperm penetration. 
In conclusion, apoptosis appears to have a negative impact on sperm -oocyte penetration. 
Subsequently, the separation of a non-apoptotic fraction using MACS further improves the 
sperm quality and oocyte penetration capacity. Based on these conclusions, including an 
additional step of sperm preparation involving the isolation of apoptotic sperm using MACS may 
significantly enhance the outcome of some assisted reproductive techniques such as IUI or IVF. 
Although our data supports the association of apoptosis with DNA fragmentation in human 
spermatozoa, both phenomena do not seem to impact early stages of fertilization such as SCD. 
Therefore, MACS can be used to isolate spermatozoa with compromised genomic integrity, but 
whether or not it will have the ability to increase fertilization rates following ICSI requires further 
investigation in a clinical ART program. 
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Human sperm have been documented to display apoptosis-like features such as externalization 
of phosphatidylserine (EPS), disruption of the transmembrane mitochondrial potential (MMP) 
and activation of caspases. Our aim was to evaluate possible association between activation of 
the apoptosis cascade in human sperm and its oocyte penetration capacity using the zona free 
hamster oocyte penetration assay (SPA). Semen specimens from 76 unselected donors were 
subjected to double density gradient centrifugation followed by incubation under capacitating 
conditions for 3 hours and SPA. Apoptosis signaling was monitored by assessment of EPS, 
disruption of MMP and activation of caspase-3 by flow cytometry. Semen samples with subnormal 
SPA values (<20% penetrated oocytes) contained significantly higher amounts of spermatozoa 
with EPS, disrupted MMP and activated caspase-3 compared to those samples with normal SPA 
values (>20 % penetrated oocytes, p<0.01). All three apoptosis markers showed a significantly 
negative correlation with the percentage of penetrated oocytes as well as to the numbers of sperm 
per penetrated oocyte (p<0.001). Apoptosis -related signaling appears to have a negative 
association with sperm -oocyte penetration. The exclusion of sperm presenting with those 
apoptosis -related features during assisted reproduction may improve success rates of 
procedures such as intrauterine insemination and in vitro fertilization. 
 
Key words: annexin; caspase; magnetic-activated cell sorting; mitochondrial membrane 
potential; phosphatidylserine; sperm preparation; IUI, IVF 
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INTRODUCTION 
Infertility affects approximately 15% of all couples trying to conceive and a male factor is the 
sole or contributing factor in almost half of the cases (Sharlip et al., 2002). Although assisted 
reproductive techniques (ART) have become the treatment of choice in many cases of male and 
female infertility (Gleicher et al., 2006), the current success rates of these procedures remain 
suboptimal (Gleicher et al., 2006). The quality of sperm samples is one of the factors 
determining the success of an ART cycle (Ombelet et al., 2003). The quality of sperm atozoa 
can be evaluated by conventional semen analysis determining sperm concentration, motility, 
viability and morphology using light microscopy. Although the conventional analysis gives 
considerable information, it does not assess the presence of apoptosis signaling in 
spermatozoa, which may be partially responsible for the low fertilization and implantation rates 
seen with assisted reproductive techniques  (Oehninger et al., 2003). 
Human spermatozoa have been documented to display features of several apoptosis signal 
transduction pathways such as the externalization of phosphatidylserine (EPS), disruption of the 
transmembrane mitochondrial potential (MMP) and activation of caspases (Glander and 
Schaller, 1999; Oehninger et al., 2003; Paasch et al., 2004c). The apoptosis signaling cascade 
was found to be activated to a higher extent in spermatozoa that are immature and in those 
from infertility patients. In addition, the activation of apoptosis was documented  following sperm 
conservation or preparation methods such as cryopreservation (Paasch et al., 2001; Paasch et 
al., 2004c; Said et al., 2004). Interestingly, a strong correlation of apoptosis markers with 
motility has been also shown (Paasch et al., 2004b). Therefore, apoptosis appears to have an 
important association with sperm parameters, which denotes that similarly it might affect the 
sperm fertilization potential.  
The sperm penetration assay (SPA) using fresh or cryopreserved hamster oocytes is an 
established in-vitro model to analyze the sperm fertilization potential (Johnson et al., 1995). It 
gives functional information of sperm and can be used as a predictor of IVF outcome (Irvine and 
Aitken, 1986; Shy et al., 1988; Soffer et al., 1992). Our aim was to investigate the possible 
impact of activated apoptosis signaling cascade in human spermatozoa in relation to their 
oocyte penetration capacity using the zona free hamster oocyte penetration assay. 
 
MATERIALS AND METHODS 
Sample preparation 
This study was approved by the Institution Review Boards of the Cleveland Clinic Foundation 
and the Faculty of Medicine, University of Leipzig.  
Semen specimens (n=76) were collected from unselected donors following a period of 3 – 5 
days of sexual abstinence. Semen parameters did not need to exceed the World Health 
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Organization  reference ranges for the normal fertile population (World Health Organization, 
1999). Semen samples contained 31.3 ± 15.3 million sperm/ mL (mean ± SD); 50.9 ± 26.9 % of 
the spermatozoa were motile. Specimens containing more than 1 million/ mL of leucocytes 
measured by routine peroxidase staining were not included in the study. Samples were 
prepared by double density gradient centrifugation (PureCeption®, SAGE BioPharma, 
Bedminster, NJ). Specimens were loaded onto a 40% and 80% discontinuous gradient and 
centrifuged at 300 g for 20 minutes at room temperature (25°C.). The resulting 80% pellet was 
washed by centrifugation for additional 7 minutes and re-suspended in human tubal fluid media 
(HTF, Irvine Scientific, Santa Ana, CA). An aliquot from each semen sample was taken for 
evaluation of the apoptosis related parameters MMP, active caspase-3 and EPS at the time the 
SPA was performed.  
 
Monitoring of transmembrane mitochondrial potential  
A lipophilic cationic dye (5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolyl carbocyanine 
chloride) was used to detect intact transmembrane potential of mitochondria in spermatozoa 
(ApoAlert Mitosensor Kit TM, Clontech, CA, USA). Spermatozoa with intact mitochondria excite 
an intense red fluorescence due to the formation of the dye aggregates whereas the monomer 
dye fluoresces green in the presence of sperm with a disrupted mitochondrial membrane. 
Mitosensor TM was used according to the instructions of the manufacturer. Briefly, all aliquots 
were incubated at 37 °C for 20 min in 1 µg of the lipophilic cation diluted in 1 mL PBS. Human 
neutrophils (5 x 106 cells) treated with 1 mM cycloheximide for 6 hours  were used as positive 
controls for induction of apoptosis (Pozarowski et al., 2003). Negative controls were processed 
identically for each fraction except that the stain was replaced with 1mL PBS. 
 
Detection and evaluation of activated caspase-3  
Levels of activated caspases -3 were detected in viable spermatozoa using fluorescein labeled 
inhibitor of caspase (FLICA), which is cell permeable, non-cytotoxic and binds covalently to 
active caspase-3 (Ekert et al., 1999). The inhibitor was used with the appropriate controls 
according to the kit instructions provided by the manufacturers (Carboxyfluorescein FLICA, 
Immunochemistry Technologies, Bloomington, MN). A 150-fold stock solution of the inhibitor 
was prepared in dimethyl sulfoxide (DMSO) and was further diluted in phosphate buffered 
saline (PBS) to yield a 30-fold working solution. All test aliquots and controls (with 100 µL PBS) 
were incubated at 37 °C for 1 hour with 10 µL of the working solution and subsequently washed 
with the rinse buffer. In concordance with the monitoring of transmembrane mitochondrial 
potential, human neutrophils (5 x 106 cells) treated with 1 mM cycloheximide for 6 hours  were 
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used as positive controls for induction of apoptosis. The negative controls were processed 
identically for each fraction, except that the stain was replaced with 10 µL PBS. 
 
Monitoring of externalization of phosphatidylserine  
Externalization of phosphatidylserine was examined using a monoclonal mouse anti-human 
phosphatidylserine antibody, clone 1H6 (Upstate cell signaling solutions, Lake Placid, NY). 
Spermatozoa were incubated with the phosphatidylserine-antibody at a final concentration of 
0.5 µg/mL in PBSB (phosphate buffered saline containing 2 % bovine serum albumin) for 20 
minutes on ice, followed by addition of 150 µL PBSB and centrifugation 1600 rpm for 5 minutes 
at 20 °C. After discarding the supernatant each sperm pellet was incubated protected from light 
with 50 µL of secondary antibody (goat anti-mouse IgG [H+L], fluorescein conjugate, Upstate 
Cell Signalling Solutions, Lake Placid, NY) on ice for 20 minutes. A second washing step in 
PBSB (1600 rpm for 5 minutes at 20 °C) was performed to remove excess antibody that was 
not bound to the spermatozoal surface. For assessment by flow cytometry, sperm pellets were 
diluted in 400 µL PBSB. Human neutrophils (5 x 106 cells) treated with 1 mM cycloheximide for 
6 hours served as positive controls for induction of apoptosis.  The negative controls were 
processed identically for each fraction, except that the primary antibody was replaced with 200 
µL PBS. 
 
Flow cytometry analysis 
All the fluorescence signals of labeled spermatozoa were analyzed by the flow cytometer 
FACScan (Becton Dickinson, USA). A minimum of 10,000 spermatozoa was examined for each 
assay at a flow rate of < 100 cells/s. The sperm population was gated using 90-degree and 
forward-angle light scatter to exclude debris and aggregates. The excitation wavelength was 
488 nm supplied by an argon laser at 15 mW. Green fluorescence (480-530 nm) was measured 
in the FHL1 channel and red fluorescence (580-630nm) in the FHL-2 channel. The percentage 
of positive cells and the mean fluorescence was calculated on a 1023 channel scale by software 
Expo32ADC (Coulter, Germany). 
 
Zona-free hamster oocyte penetration assay 
The assay was performed as described by Johnson et al. (1995) with slight modifications to 
mimic the human IVF procedure. Sperm aliquots used for the evaluation of sperm penetration 
assay were subjected to capacitating conditions (incubation in HTF media containing 3% bovine 
serum albumin for 3.5 hours at 37°C and 5% carbon dioxide). Frozen-thawed hamster oocytes 
(Embryotech, Wilmington, MA) were briefly exposed to acidified Tyrode’s media (Irvine 
Scientific, Santa Ana, CA) to remove the zona pellucida and in turn their species specificity. The 
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zona-free hamster oocytes were placed in 50 mL sperm droplets (concentration adjusted to 3-5 
X 106 sperm/mL), overlaid with mineral oil (Sigma, St Louis, MO) and incubated for 3 hours at 
37°C, 5% CO2. A total of 20 oocytes (5 oocytes per sperm droplet) were used for each of the 3 
experiment aliquots.  
Following incubation, oocytes were washed in PBS + 10% bovine serum albumin to remove the 
excess sperm attached to their surface and examined by 400X phase-contrast microscopy 
(Olympus, BH2-PC, Melville, NY). The presence of decondensed nucleus with an attached tail 
was taken to represent a positive penetration. The number of oocytes scored for each of the 3 
experimental aliquots ranged from 15 to 20 depending on the number of oocytes damaged 
during the assay. Results were evaluated as the percentage of oocytes penetrated by sperm 




Normal distribution was proven by Shapiro-Wilks  Test. Pearson’s correlation between sperm 
parameters were calculated and tested against zero. Student's t-test for independent samples 
was used to calculate the difference between samples. Pair-wise Pearson’s correlation 
coefficients were used to study the association between different parameters. All tests were 
two-tailed, and significance is indicated by p<0.05. The statistical analysis was performed using 
Statistica 6.0 software (StatSoft; Tulsa, OK). 
 
RESULTS 
Semen samples were categorized into groups A and B according to their results in the zona-
free hamster oocyte penetration assay (Johnson et al., 1995). In group A, 22 of the 76 collected 
semen samples presented with subnormal SPA values (<20 % penetrated oocytes), while in 
group B, the remaining 54 samples had normal SPA values (>20 % penetrated oocytes). The 
percentage of penetrated oocytes was significantly lower in group A vs. B (15.8 ± 0.8 vs. 34.1 ± 
1.5; p<0.01). In concordance, the number of sperm per penetrated oocyte (SCI) differed significantly 
between both groups (group A: 1.2 ± 0.3 sperm vs. group B: 1.5 ± 0.5 sperm, p<0.05). Figure 1 
displays an example of a penetrated hamster oocyte.  
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Figure 1. Zona-free hamster oocyte following the sperm penetration assay. Positive penetration is 
demonstrated by completely decondensed sperm heads; the tail is still visible (white arrows). All 
other sperm are seen a ttached to the surface only and are considered negative. Magnification: X67. 
 
Furthermore, both groups were compared with regards to the activation of the apoptosis signaling 
cascade as measured by disrupted MMP, active caspase-3 and the EPS. Semen specimens with 
low fertilizing capacity (group A, abnormal SPA values) contained significant higher number of 
spermatozoa with activated apoptosis signaling. The mitochondrial transmembrane potential 
was disrupted in 67.1 ± 4.7 % of the spermatozoa, caspase-3 was  activated in 41.4 ± 3.8 % and 
externalized phosphatidylserine was found on the surface of 37.1 ± 4.9 %. The most pronounced 
difference was found at the mitochondria. Semen samples with subnormal oocyte penetration 
values (group A) had 31.6 % more sperm with disrupted MMP compared to group B. This 
corresponds with the significant lower motility of semen samples in group A (30.2 ± 15.3% motile 
sperm, WHO A+B) when compared to group B. There was a strong correlation observed between 
mitochondrial integrity and motility (Pearson’s correlation coefficient: r = 0.87, p<0.01). Semen 
samples of group B (normal SPA values) contained 59.3 ± 26.2 % motile sperm (WHO A+B), 35.5 
± 4.2 % sperm with disrupted MMP, 23.0 ± 3.1 % sperm with activated caspase-3 and 22.3 ± 3.6  % 




Group A: SPA < 20% 
(n=22) 
Group B: SPA > 20% 
(n=54) 
p-value 
SCI [sperm per penetrated oocyte] 1.2 ± 0.3  1.5 ± 0.5  <0.05 
 
Motility [% motile spermatozoa] 30.2 ± 15.3  59.3 ± 26.2  0.001 
 
Disrupted MMP [% spermatozoa] 67.1 ± 4.7 35.5 ± 4.2 <0.0001 
 
Active caspase-3 [% spermatozoa] 41.4 ± 3.8 23.0 ± 3.1 0.001 
 
EPS [% spermatozoa] 37.1 ± 4.9 22.3 ± 3.6 0.01 
 
Table 1: Comparison of SCI, motility and apoptosis markers in semen samples with normal and 
subnormal SPA values. Values are given as mean ± SEM. Statistical test: Student’s t -tests for 
independent samples, p-values < 0.05 were considered significant. SCI= sperm capacitation 
index, MMP=mitochondrial membrane potential; EPS=externalized phosphatidylserine. 
 
All of the apoptosis markers were negatively correlated with the percentage of penetrated oocytes 
(Pearson’s correlation coefficient: disrupted MMP: r = -0.67, activated caspase-3: r = -0.59 and EPS: 
r = -0.52, p<0.01, Figures 2  A, B, C). In addition, the apoptosis markers were negatively correlated to 
the number of sperm per penetrated oocyte (disrupted MMP: r = -0.49, activated caspase-3: r = -
0.35, p<0.01). EPS showed the same trend, but failed to be significant (r = -0.23, p>0.05). The 
portion of motile sperm (WHO A+B) was significantly positive correlated to the SPA results (r = 0.70) 
as well as to the SCI values (r = 0.51, p<0.01). Serving as an internal control, there was a strong 
positive correlation between caspase-3 activation and the disruption of the mitochondrial 
transmembrane potential (r = 0.74, p < 0.001) and externalization of phosphatidylserine (r = 0.76, p < 
0.01). Also, EPS and disrupted MMP correlated positively (r=0.71, p<0.01). 
 






Figure 2. (A)  The integrity of the transmembrane mitochondrial potential is one of the key points 
in apoptosis signaling in human sperm. It shows a strong positive correlation with the sperm 
oocyte penetration capacity (Pearson’s correlation coefficient r = 0.67, p<0.001). (B) Activation 
of the main apoptosis executor caspase-3 is significantly correlated with poor sperm oocyte 
penetration rates (Pearson’s correlation coefficient: r = 0.59, p<0.001). (C) Externalization of 
phosphatidylserine to the outer leaflet of the sperm membrane is one of the earliest features of 
terminal apoptosis and correlates significantly negative with the sperm oocyte penetration capacity 
(Pearson’s correlation coefficient r = 0.52, p<0.001). 
 
DISCUSSION 
The zona-free hamster oocyte penetration assay examines the ability of human spermatozoa to 
capacitate, undergo the acrosome reaction, fuse with the vitelline membrane of the oocyte and 
initiate nuclear decondensation. Although it is an animal model with its own limitations, it gives 
insight in the functional status of the sperm and reflects the fertilizing potential of the sperm 
(Johnson et al., 1995). Clinically, results of the SPA correlate with the outcome of human IVF 
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and the achievement of spontaneous pregnancy in long-term prospective studies involving 
infertile patients (Irvine and Aitken, 1986; Shy et al., 1988; Soffer et al., 1992). At the molecular 
level, results of the SPA also correlate with apoptosis markers such as annexin V staining (Sion 
et al., 2004). 
However, surface exposure of phosphatidylserine on sperm cell activation in vitro was found to 
be restricted to the apical area of the head plasma membrane and related to acrosome reaction 
too (Martin et al., 2005). On the other hand exposure of phosphatidylserine and its specific 
binding to Annexin-V has been used to characterize and to select apoptotic spermatozoa. Own 
data show that the subpopulation of EPS negative sperm has the same proportion of CD46 
positive cells as compared to the neat semen (Grunewald et al., 2006). 
The presence and functionality of apoptosis associated pathways known from somatic cells 
remains subject to controversy when it comes to human sperm (Agarwal and Said, 2005; 
Sakkas et al., 2003; Taylor et al., 2004). Extensive studies of the activation and localization of 
caspases in human sperm were performed previously. While caspase -9 was located almost 
exlusively to the mitochondria, caspase-3 was predominantly found in the cytoplasm (Paasch et 
al., 2004a). 
Our findings indicate a strong negative correlation between the apoptosis related parameters: 
disruption of the MMP, activation of caspase-3 as well as EPS and the performance of the 
spermatozoa in the hamster oocyte penetration assay. Semen samples showing subnormal 
SPA values were characterized by significantly increased levels of disruption of the MMP, 
activation of caspase-3 and EPS, indicating an impact of apoptosis -related processes not only 
at the plasma membrane but also at the mitochondrial and cytoplasmic level on the 
spermatozoal capacity to penetrate oocytes. 
 
Conclusions 
The loss of the integrity of the mitochondrial transmembrane potential as well as caspase 
activation were previously demonstrated as processes seen in varying percentages of sperm in 
all semen samples. The amount of sperm showing those features was found to be increased 
not only in patients presenting with infertility, but also after cryopreservation and thawing. The 
association between those apoptosis markers in sperm and the oocyte penetration potential as 
demonstrated in our findings further supports the negative impact of apoptosis on in vivo and in 
vitro fertilization. In this context, the exclusion of sperm presenting with those apoptosis -like 
features from ART by techniques such as annexin-V-magnetic activated cell sorting may 
improve success rates. 
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Sperm Morphology, Oxidative Stress and DNA Damage 
There is substantial evidence from a number of interventional and observational studies that 
oxidative stress (OS) is a major causative factor in the increased level of DNA damage seen in 
spermatozoa 1-4. It has been found that reactive oxygen species (ROS) production is highest in 
immature spermatozoa with abnormal head morphology and cytoplasmic retention 5,6. It has 
been also suggested that there is an increased b-nicotinamide adenine dinucleotide phosphate 
(NADPH) production via glucose-6-phosphate dehydrogenase (G6PD) in the immature 
spermatozoa with cytoplasmic retention and this NADPH causes high ROS production via 
NADPH oxidase activity 5.  
In view of this evidence, the use of NADPH for ROS generation appears to be the most similar 
to the actual form of OS resulting from spermatozoa in vivo. NADPH has been shown to induce 
significantly high levels of lipid peroxidation, loss of motility, and DNA damage in mature motile 
spermatozoa from healthy donors when incubated for 24 hours 7. Though there have been 
several reports on NADPH inducing ROS generation by spermatozoa of healthy donors 7-9, the 
levels of induced ROS production via NADPH by the immature and mature spermatozoa of 
infertile patients remained to be examined. In our study, we documented that higher level of 
sperm  DNA damage was seen in immature sperm fractions of patients screened for infertility. 
The higher DNA damage was associated with high ROS generated in response to NADPH. This 
finding is consistent with another report that documents higher ROS levels in immature sperm 
fractions in infertile men 10. This finding provides insight into the pathogenesis of infertili ty since 
subfertile men are expected to have a larger proportion of immature and morphologically 
abnormal spermatozoa 11.  
 
Clinical Implications of ROS Mediated Sperm DNA Damage 
The results regarding the occurrence of DNA damage in response to NADPH elucidate the 
pathogenesis of sperm DNA damage and its relation with OS encountered in cases of 
teratozoospermia, specifically those characterized by the presence of cytoplasmic retention 
droplets. A potential clinical application would be the selection of the optimum sperm 
preparation protocol during the course of assisted reproductive techniques (ART). Samples 
characterized by the presence of cytoplasmic retention droplets should be prepared using 
double density gradient centrifugation, which has the ability to efficiently separate those 
immature, morphologically abnormal spermatozoa 6. A technique such as swim -up, which 
allows prolonged contact between mature and immature spermatozoa after pelleting, should be 
avoided. Such prolonged contact will lead to mature spermatozoa being exposed to high levels 
of ROS generated by the immature sperm and subsequently suffer from DNA fragmentation. 
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Whereas the impact of sperm DNA fragmentation on fertilization rates remains controversial, 
there is a wider agreement concerning its negative effects on embryo development and abortion 
rates following in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) 12-15. 
Although low levels of sperm DNA damage can be repaired by the oocyte, apoptosis and 
embryo fragmentation can occur if the damage is extensive 16. Decreased embryo cleavage 
rates and embryo quality have been reported in sperm samples containing a high frequency of 
damaged DNA 17.  
 
Routine and Molecular Sperm Preparation Techniques 
Currently, routine sperm preparation techniques used during ART are dependant on sperm 
properties such as motility and morphology. Although the most normal appearing and motile 
spermatozoa are selected during ART, there is always a chance that sperm containing varying 
degrees of DNA damage may be used. In support of the impact of paternal DNA status on the 
ability to achieve a live birth, a study evaluated the different sperm aneuploidies in couples with 
unexplained recurrent pregnancy loss. The sperm aneuploidy rate in chromosomes X, Y, 13, 18 
and 21 was reported to be significantly higher in couples with recurrent pregnancy loss 
compared to the general population and fertile controls (2.77 ± 0.22 vs. 1.48 ± 0.12 and 1.19 ± 
0.11). In addition, it was also reported that the percentage of aneuploid sperm correlates with 
the percentage of apoptotic sperm 12. Therefore, the miscarriage rate seen following ART 
possibly reflects the fact that genomically compromised spermatozoa are sometimes used and 
lead to irreparable DNA damage in the embryo. In support, failed ART cycles rates were 
attributed, at least in part, to the inclusion of apoptotic, DNA damaged sperm as a result of 
absent in vivo sperm selection barriers 13,14. Therefore, there is a need to improve routine sperm 
preparation protocols by including techniques that enable the selection of non-apoptotic, DNA 
intact spermatozoa. Such an approach represents the evolution of preparation techniques, 
which expands beyond routine sperm parameters such as motility and morphology to include 
the sperm molecular characteristics.  
A new electrophoretic system has been recently described for the rapid isolation of populations 
of spermatozoa exhibiting high levels of DNA integrity 18. The first human pregnancy has been 
reported in a couple suffering from long-term infertility associated with extensive sperm DNA 
damage following the application of this electrophoretic system 19. Despite the undisputed 
benefits of this technique, the complexity of the separation apparatus used may be a limiting 
factor against its widespread use in Andrology Laboratories, specifically those with limited 
resources. 
In our study, we have used one of the early features of apoptosis, which is the externalization of 
phosphatidylserine (PS) residues normally present on the inner leaflet of the sperm plasma 
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membrane to design a new sperm preparation strategy. Colloidal paramagnetic microbeads 
(~50 nm in diameter) conjugated with annexin V binding to PS was used to separate dead and 
apoptotic spermatozoa by Magnetic Activated Cell Sorting (MACS). Cells with externalized PS 
would bind to these microbeads, while non-apoptotic cells with intact membranes would not 
bind and subsequently could be used during ART. Annexin V MACS is a simple, inexpensive, 
non-technically challenging procedure that takes less than 30 minutes to perform and therefore 
could be easily introduced in the clinical practice. 
 
Standardization of MACS as a Sperm Preparation Technique 
In our present research, we have standardized MACS as a preparation technique that yields 
motile, viable, morphologically normal spermatozoa, which display higher cryosurvival rates as 
well as oocyte penetration capacity 20-25. The protocol combines 2 different readily available, 
inexpensive techniques aiming at improving the results of ART. First, double density gradient 
centrifugation is used to remove seminal plasma and other extraneous constituents of the 
seminal fluid leaving only mature viable spermatozoa 6. Second, spermatozoa displaying the 
apoptosis surface marker (externalized PS) are immuno-labeled and removed using MACS. 
Thus, we hypothesized that combining the advantages of both density gradient centrifugation 
and advanced molecular sperm preparation techniques would yield spermatozoa with superior 
quality and function. 
The labeling strategy employed in our protocol is based on considering PS externalization in 
human sperm as an apoptotic manifestation. However, alterations in the sperm phospholipid 
bilayer were also reported to be a part of the normal sperm physiology. During sperm 
capacitation, protein kinases have been identified as mediators for signaling pathways that lead 
to externalization of PS and phosphatidylethanolamine 26-28. Nevertheless, annexin V binding 
was not seen in human spermatozoa undergoing capacitation, which indicates that the 
previously suggested association between PS externalization and capacitation may have been 
due to species -specific differences in sperm capacitation as well as different methodologies 
used for capacitation induction 29. In support of the association of PS externalization and 
annexin V binding with apoptosis, sperm motility, morphology and viability were significantly 
reduced in the annexin-positive fraction 20-22,25. The strong correlation between PS 
externalization, caspase-3 activation and mitochondrial changes typical of apoptosis provides 
further support for this observation 24,30-32. 
 
Potential MACS Application 
In line with the above-mentioned findings, we found that the application of density gradient 
centrifugation in combination with MACS yields an annexin V-negative sperm population that 
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demonstrates a significantly lower incidence of DNA fragmentation 23. This finding is supported 
by the fact that DNA damage is indeed a late apoptotic event. However, it is of importance to 
note that density gradient centrifugation by itself was reported to select spermatozoa with 50% 
lesser DNA damage 33. Nevertheless in our study, the combined protocol using MACS was 
compared to controls prepared using only density gradient centrifugation. The results showed a 
further decrease in percentage of DNA damaged sperm. Spermatozoa prepared by MACS after 
density gradient centrifugation had 30% lesser rate of DNA damage compared to those 
prepared by only density gradient centrifugation, which clearly indicates the beneficial effect of 
adding annexin V MACS to isolate non-apoptotic sperm. 
In our study, we found that annexin V MACS if performed prior to cryopreservation yields a 
sperm population with higher motility and cryosurvival rates following thawing. The higher 
cryosurvival in MACS separated sperm may be a direct result of excluding those that display 
manifestations of apoptosis. In support, non-apoptotic sperm separated by MACS show 
significantly higher levels of intact mitochondria and lower caspase activation following 
cryopreservation–thawing compared to sperm that were not separated 24,30,32. A recent report 
documented that spermatozoa with abnormal morphology are more susceptible to DNA damage 
during cryopreservation 34. Since MACS separates sperm with better morphological features 
and DNA integrity, tolerance to cryodamage should be expected.   
Our results showing that MACS separation enhances the sperm -oocyte penetration potential 
indicate its potential benefit during ART procedures such as intrauterine insemination (IUI) or 
IVF. On the other hand, the value of using MACS prior to ICSI requires further investigations. 
Similarly, other published reports document the association of apoptosis and DNA damage with 
the fertilization rates following IUI and IVF but not with ICSI 35-37. The discrepancy may be due 
to the technical nature of ICSI that plays an important role in minimizing the impact of sperm 
preparation methods.  
During ICSI, all biological and genetic selection is bypassed as the oocyte membrane is 
mechanically pierced. Although ICSI has been linked in a number of reports to an increased 
incidence of perinatal hazards in the offspring conceived with this technique no significant 
differences were found between children born after ICSI and IVF in this regards 38. During ICSI, 
one motile and as far as possible, a morphologically normal sperm is selected for injection. 
Therefore, the benefits of enriching a cellular population with larger percentage of DNA intact 
sperm will be diminished. On the other hand during IUI and IVF, a significantly larger number of 
spermatozoa are used, whether placed inside the uterine cavity or in direct contact with the 
oocyte. A sperm population with higher percentage DNA integrity will have juxtapositionally 




Advantages and Limitations of MACS 
The transfer of our new approach to clinical Andrology laboratories may lead to significant 
improvement in selected ART success rates and subsequently reduce the physical, 
psychological as well as financial burdens for patients. Authors have reported that the 
percentage of blastocyst development was 50% higher in men with lesser than 20% damaged 
sperm in their ejaculates 13. Similarly, another study has reported that men with >30% DNA 
damaged sperm have lower blastocyst development rates and ongoing pregnancy rates 39. 
Therefore, the elimination of DNA damaged sperm using sperm separation techniques could 
result in significantly higher blastocyst development rates and limited miscarriages. 
Despite the obvious added benefits of MACS, the technique may not be suitable for the 
preparation of sperm samples with limited counts. The use of density gradient centrifugation in 
addition to MACS will result in some degree of sperm loss that may not be acceptable in 
samples with severe oligozoospermia. 
 
FUTURE DIRECTIONS 
The application of MACS in combination with density gradient centrifugation allows for sperm 
selection based on sperm apoptosis in addition to routine parameters such as motility and 
morphology. Data included in this thesis serve as a basis for future projects that would evaluate 
the safety of magnetic cell sorting in the context of human reproduction. Although annexin V 
sperm, which is not bound to magnetic beads, constitute the actual population that will be used 
during ART, it is critical to evaluate if any bead-bound sperm will be concomitantly included as 
well. In addition, previous research indicate that routine sperm preparation techniques such as 
density gradient centrifugation and swim up may indirectly influence the sex of the offspring 
40,41. Therefore, the additional use of MACS should be also assessed to identify if the ratio of X- 
to Y-bearing sperm will be inadvertently impacted. 
The potential clinical application of MACS as a sperm preparation technique warrants the 
validation of the current findings in large cohorts of infertile men undergoing IUI and IVF. 
Although MACS could also be used to isolate spermatozoa with compromised genomic 
integrity, the value of integrating MACS in sperm preparation prior to ICSI requires further 
investigation in a clinical ART program. To date, we have relied on animal models to evaluate 
MACS in sperm preparation. Although solid conclusions could be reached using this approach, 
the limitations are obvious. It has been shown that the integrity of the paternal genome impacts 
only later stages of embryo development and not early stages of fertilization 42. Therefore, the 
expected arrest of human male pronucleus formation following hamster oocyte ICSI, does not 
offer definitive answer whether it is beneficial to select DNA intact sperm using MACS before 
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ICSI. The added benefits of MACS may also differ between patients according to the etiology of 
infertility and the type of sperm defects present. 
The continuing development of magnetic cell separation techniques offers opportunities for 
improved sperm cell sorting. A particularly interesting non-bead approach relies  on cell 
magnetophoretic mobility. Magnetophoretic mobility is analogous to the electrophoretic and 
sedimentation mobilities encountered in electrical and sedimentation separations, respectively 
43. The magnitude of the mobility of a magnetically tagged cell distinguishes these cells from 
unlabeled ones and allows an effective cell sorting in continuously flowing cell suspensions 44,45. 
The advantage of this method lies in being non-bead based. Therefore, there should be no 
concerns regarding magnetic beads being accidentally introduced in the oocyte. This approach 
may lead to further improvement in the quality of the sorted sperm cells by selection of 
spermatozoa with higher fertilization potential. This could be achieved by selecting spermatozoa 




In the context of male infertility, seminal reactive oxygen species (ROS), sperm DNA damage 
and apoptosis are inter-linked to constitute a unified pathogenic molecular mechanism. The 
impact of these factors on male infertility, their clinical significance and management options 
have always been a subject of controversy. The specific aims of our research were to: 1) 
examine the role of sperm morphological attributes, specifically cytoplasmic retention droplets in 
the occurrence of ROS-mediated DNA damage; 2) test the hypothesis of using the magnetic 
cell separation technology as a sperm preparation method; 3) examine the extent of 
improvement in sperm parameters following magnetic activated cell sorting (MACS) application; 
and 4) identify the protocol limitations and which ART procedures would benefit the most from 
its application.  
 
In Chapter 2, we explored the role played by b-nicotinamide adenine dinucleotide phosphate 
(NADPH), which is present in sperm cytoplasmic droplets, in the pathogenesis of DNA damage. 
Semen samples from 28 men undergoing infertility evaluation were separated into mature and 
immature sperm fractions using double density gradient centrifugation. Both fractions were 
incubated with 5 mM NADPH and evaluated for ROS and DNA damage levels using 
chemiluminescence and deoxynucleotidyl transferase-mediated fluorescein-dUTP nick end 
labeling (TUNEL) assay, respectively. Higher levels of ROS were seen in immature 
spermatozoa incubated with NADPH. Higher ROS levels were also noted in spermatozoa rich in 
cytoplasmic residues regardless of NADPH exposure. The increase in ROS showed significant 
positive correlation with sperm DNA damage. These results collectively documented the role of 
NAPDH in ROS-mediated sperm DNA damage. 
 
After establishing the implication of sperm cytoplasmic droplets in ROS production and its 
correlation with DNA damage, the subsequent experiment presented in Chapter 3 described 
our efforts to evaluate the impact of other abnormal sperm morphological attributes. We used 
the Sperm Deformity Index (SDI) as a novel quantitative expression of sperm morphology, 
which is calculated by dividing the total number of deformities observed by the number of sperm 
evaluated. Semen samples from men undergoing infertility screening (n = 7) were compared to 
healthy donors (n = 6) in terms of SDI, ROS levels and DNA damage.  
SDI showed a significant positive correlation with the percentage increase in sperm DNA 
damage in samples treated with NADPH and controls. Such increase appeared to be more 
evident in patients with semen samples containing high incidence of morphologically abnormal 
spermatozoa as evaluated by the SDI. Therefore, we concluded that SDI is an index for sperm 
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morphology that could be used to identify potential infertile males with abnormal prevalence of 
OS-induced DNA damage. 
 
In Chapter 4, we conducted an experiment to evaluate the advantage of integrating MACS with 
routine sperm preparation technique and to identify how the protocol could be optimized to 
maximize its benefit. Semen specimens collected from 15 healthy donors were prepared by 
either density gradient centrifugation or by one-step sperm wash technique separately and in 
combination with annexin V MACS. The sperm yield was evaluated following each approach as 
regards motility, viability, and morphology as well as markers of apoptosis: active caspase-3, 
mitochondrial membrane potential and externalization of phosphatidylserine (PS). Our results 
showed that the combination of double density gradient centrifugation and annexin V MACS 
was superior to all other preparation methods combined or separate in providing spermatozoa 
with highest quality in terms of motility, viability and apoptosis markers (caspase-3, 
mitochondrial membrane potential and externalized PS). On the other hand, no differences in 
sperm morphology were observed between any of the evaluated sperm fractions. These results 
indicated that the combination of density gradient centrifugation and annexin V MACS is a 
better approach for sperm preparation. 
 
The equivocal results regarding sperm morphology following annexin V MACS preparation was 
thoroughly investigated in a follow up experiment as described in Chapter 5. Sperm 
morphology using the strict Tygerberg criteria and the SDI scores were assessed following 
annexin V MACS conducted on semen samples from 50 healthy donors. Non-apoptotic 
spermatozoa presented with significantly higher proportions of sperm with normal morphology 
and significantly lower SDI scores as well as lower percentages of sperm with acrosomal 
defects, midpiece defects, cytoplasmic droplet and tail defects. A significant correlation was 
found between the sperm morphology attributes studied and the expressed apoptosis markers : 
caspase-3 activation and mitochondrial membrane potential. Therefore, it appears that annexin 
V MACS can be also used to prepare a sperm population with superior morphological profile. 
 
Thereafter, we have undertaken in Chapter 6 the evaluation of sperm recovery following the 
use of MACS combined with density gradient centrifugation as a sperm preparation technique. 
Our aim was to ensure that the combined approach will not result in significant sperm loss, thus 
rendering the samples unsuitable in a clinical setting. Semen samples collected from healthy 
donors (n = 19) were divided into 2 portions: the first was prepared by density gradient 
centrifugation and MACS, while the second was prepared by only density gradient 
centrifugation. Compared to the sperm count after density gradient centrifugation, the average 
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number of cells lost during the combined approach was limited to only 15%. The number of total 
motile sperm showed a significantly positive correlation with the concentrations of spermatozoa 
and volumes of beads used. These results indicated that our suggested protocol results in high 
sperm yield and minimal cell loss. 
 
In Chapter 7, we investigated if non-apoptotic spermatozoa prepared by a combination of 
density gradient centrifugation and annexin V MACS display increased tolerance to 
cryopreservation-thawing. Semen samples were collected from 10 healthy donors and were 
subjected to cryopreservation-thawing following preparation with density gradient centrifugation 
and annexin V MACS. Control aliquots consisted of sperm prepared by only density gradient 
centrifugation and sperm prepared with annexin V MACS conducted after thawing. Non-
apoptotic sperm separated by MACS prior to cryopreservation had significantly higher motility 
following cryopreservation–thawing than sperm not separated by MACS. Similarly, non-
apoptotic spermatozoa had higher cryosurvival rate than sperm cryopreserved without prior 
separation by MACS. Therefore, data indicate that separating a distinctive population of non-
apoptotic spermatozoa with intact membranes could optimize cryopreservation–thawing 
outcome. 
 
Animal models were used as described in Chapter 8 to evaluate the fertilization potential as the 
ultimate function of non apoptotic sperm separated by annexin V MACS. The zona free hamster 
oocyte sperm penetration assay (SPA) was used to assess the sperm -oocyte penetration 
capacity in samples from 16 healthy donors. Non-apoptotic sperm exhibited significantly higher 
oocyte penetration potential compared to annexin-positive sperm and controls not separated by 
MACS. In support of the correlation between sperm apoptosis and fertilization, the sperm -
oocyte penetrating capacity showed a significant positive correlation with motility, mitochondrial 
membrane integrity, as well as a significant negative correlation with the percentage of active 
caspase-3 and binding to externalized PS. Therefore, we were able to conclude that MACS may 
be of potential benefit during ART procedures such as intrauterine insemination (IUI) or in vitro 
fertilization (IVF). 
 
In Chapter 8, we have also evaluated the fertilization potential of spermatozoa prepared by 
MACS following intracytoplasmic sperm injection (ICSI) using an animal model. Non-apoptotic 
sperm from 19 healthy donors had sperm chromatin decondensation (SCD) values following 
hamster oocyte-ICSI that were comparable to controls not prepared by MACS. On the other 
hand, results of the TUNEL assay showed that, annexin V-negative sperm following MACS had 
the lowest incidence of DNA fragmentation. We found a weak correlation between apoptosis 
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markers (caspase-3 activation, mitochondrial membrane potential and DNA damage) with the 
results of SCD, which may indicate a weak impact of apoptosis on early fertilization stages. 
Therefore, it appears that although MACS separates spermatozoa with higher DNA integrity, 
this may not be translated into higher fertilization rates following ICSI. 
 
Finally in Chapter 9, we thoroughly investigated the correlation of apoptosis markers and the 
SPA in order to substantiate our previous findings. Semen samples from 76 healthy donors 
were prepared by density gradient centrifugation and annexin V MACS. Thereafter, apoptosis 
markers were evaluated and the SPA was conducted. Samples were grouped according to SPA 
results into normal (>20%) and abnormal (<20%). Semen samples with abnormal SPA (n = 22) 
showed significantly higher amounts of spermatozoa with externalized PS, disrupted 
mitochondrial membrane potential and activated caspase-3 compared to samples with normal SPA 
(n = 54). All three apoptosis markers displayed a significant negative correlation with the percentage 
of penetrated oocytes as well as with the numbers of sperm per penetrated oocyte. These results 
provided further support for the negative impact of apoptosis on in vivo and in vitro fertilization. 
Consistently, the beneficial effect of annexin V MACS is shown.  
 
Based on the results of our findings, we conclude that: 1) a rise in sperm DNA damage should 
be expected in conjunction with immature spermatozoa rich in cytoplasmic droplets due to 
NADPH-mediated increase in ROS; 2) MACS could be considered as a flexible, inexpensive, 
fast and simple cell sorting system for the separation of large numbers of non-apoptotic 
spermatozoa; 3) the combination of MACS with double density gradient centrifugation yields a 
sperm population characterized by higher motility, viability and morphology. Moreover, 
spermatozoa prepared by MACS display reduced DNA fragmentation. In this context, MACS 
may be considered a unique molecular preparation technique that complements conventional 
sperm preparation protocols; and 4) the separation of a non-apoptotic fraction results in a sperm 
population that displays higher tolerance to cryopreservation. Most importantly, it results in a 
sperm population with higher fertilization potential as documented by higher oocyte penetration 
capacity. Thus, the inclusion of an additional step of sperm preparation involving the isolation of 
apoptotic sperm using MACS may significantly enhance the outcome of some ART procedures 
such as IUI or IVF where the sperm DNA integrity is expected to play a significant role in 
determining success rates. On the other hand, the benefits of MACS usage prior to ICSI were 
not evident in our current research. The limitation of our animal model together with the limited 
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Welke invloed de aanwezigheid van vrije zuurstofradicalen (reactive oxygen species; ROS), 
DNA schade en apoptose in zaad op de mannelijke vruchtbaarheid heeft is nog niet volledig 
opgehelderd. Desondanks blijkt er behoefte te bestaan aan het ontwikkelen van 
bewerkingsmethoden die de aanwezigheid van ROS, DNA schade en apoptose verminderen en 
daarmee de resultaten van geassisteerde voortplantingstechnieken (ART) zouden kunnen 
verbeteren.  
De vraagstellingen van ons onderzoek waren: 1) welke relatie bes taat er tussen morfologische 
kenmerken van zaadcellen en het vóórkomen van ROS-gemedieërde DNA schade; 2) kan 
magnetisch geactiveerde cel selectie (MACS) gebruikt worden als methode om apoptotische 
zaadcellen uit een zaadmonster te verwijderen; 3) in welke mate verbeteren zaadkenmerken na 
toepassen van MACS; en 4) welke beperkingen heeft MACS en bij welke ART procedures zou 
MACS toegevoegde waarde hebben? 
Uit de resultaten kan geconcludeerd worden dat 1) ROS met name in onrijpe zaadcellen DNA 
schade veroorzaakt; 2) MACS geschikt lijkt voor het scheiden van apoptotische en niet-
apoptotische zaadcellen; 3) na MACS een zaadmonster meer bewegende en meer levende 
zaadcellen bevat met meer normale vormen en minder DNA fragmentatie; en 4) de 
geselecteerde niet-apoptotische zaadcellen beter bestand zijn tegen invriezen en mogelijk beter 
in staat zijn tot bevruchten, zoals gesuggereerd wordt door de resultaten van de hamster-eicel 
penetratietest. Hieruit kan geconcludeerd worden dat de toepassing van MACS de resultaten 
van intrauteriene inseminatie en in vitro fertilisatie, waarbij aangenomen wordt dat de DNA 
integriteit van zaadcellen een belangrijke rol speelt, zou kunnen verbeteren. De betekenis van 
MACS bij intracytoplasmatische sperma injectie dient nog onderzocht te worden. Toekomstig 
onderzoek zou zich ook moeten richten op de kritische evaluatie van de veiligheid van MACS 
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